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ABSTRACT 


r 


A multidisciplinary  Investigation  was  conducted  during  June  and  July  1975  to 
acquire  data  that  would  set  a basic  framework  of  the  physical  processes  controlling 
morphology  of  the  northeast  coast  of  Brazil.  Detailed  field  data  were  taken  at  two 
sites  along  the  coast:  Aracaju,  Serglpe,  and  Suape,  Pernambuco.  Analysis  of  the 
data  and  long-term  broad-scale  data  supplied  by  cooperating  Brazilian  agencies  was 
conducted  for  two  purposes:  to  delineate  the  physical  processes  and  morphology  of 
the  coast  and  to  Investigate  under  field  conditions  the  mechanics  of  specific  Impor- 
tant coastal  processes. 

The  northeast  coast  of  Brazil  Is  located  on  the  trailing  edge  of  the  South 
American  continental  land  mass  and  consists  of  a broad  coastal  plain  recently  drowned 
by  the  Holocene  rise  In  sea  level.  Long,  linear  depositional  forms,  barrier  beaches, 
and  stone  reefs  dot  the  coastline.  The  lithified  stone  reefs  (beach-rock  reefs) 
occur  at  various  distances  from  the  shoreline  and  greatly  affect  nearshore  waves  and 
currents;  many  small  harbors  along  the  coast  result.  At  Aracaju  the  coastline  was 
formed  by  a progradation  process  that  has  recently  been  reversed,  so  that  dune 
migration  and  shoreline  erosion  are  now  occurring.  The  stone  reefs  were  formed  In  a 
marine  environment,  and  the  cementation  process  may  be  continuing  in  several  places 
contemporaneously. 

Physical  processes  affecting  these  morphologic  features  were  studied  in  detail. 

Atmospheric  shear  velocity  measurements  indicate  that  the  aerodynamic  drag  coeffi- 
cient varies  greatly  from  the  offshore  region,  across  the  nearshore  and  beach  envi-  ; 

ronments,  to  the  dune  field.  Beach  dynamics  are  shown,  by  a study  of  the  formation  I 

of  an  alongshore  bar  and  accompanying  processes,  to  depend  greatly  upon  the  action  of 
long-period  wave  components  in  the  surf  zone.  The  stone  reefs  cause  a decrease  of 
up  to  90  percent  in  wave  heights  as  a result  of  induced  breaking  and  wave  reflection. 

The  amount  of  decrease  varies  during  a single  tidal  cycle  from  5U  percent  to  90 
percent.  Circulation  in  back-reef  lagoons  varies  greatly  in  pattern  and  intensity 
over  a tidal  cycle. 
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1.  INTRODUCTION 


As  part  of  a 3-year  investigation  of  physical  processes  in  a high-energy  coastal 
environment,  a field  study  was  conducted  by  Coastal  Studies  Institute  (CSI)  personnel 
during  June  and  July  1975  on  the  northeast  coast  of  Brazil.  The  study  represented  a 
major  effort  by  the  Institute  to  move  toward  its  long-standing  goal  of  understanding 
the  variability  of  coastal  processes  associated  with  different  environmental  settings 
on  a worldwide  basis.  Because  in  nature  physical  processes  and  coastal  morphology 
are  a closely  integrated  dynamic  system,  this  study  was  interdisciplinary;  it  focused 
upon  the  aerodynamics,  hydrodynamics,  geology,  and  morphology  of  the  study  area.  Two 
types  of  studies  were  conducted:  broad-scale  descriptive  documentation  of  the 
coastal  processes  and  morphology;  and  detailed  analytic  investigations  of  specific 
processes  and  sites. 

The  Brazil  study  has  followed  several  Institute  interdisciplinary  investigations 
of  coastal  processes.  Project  SALIS  (Sea-Alr-Land  Interaction  System),  conducted  by 
the  Institute  on  Santa  Rosa  Island,  Florida,  during  1971,  was  a first  attempt  at  a 
systematic  multidisciplinary  study  in  the  nearshore  environment.  That  study  (Sonu  et 
ai.,  1973)  resulted  in  significant  progress  toward  the  understanding  of  a sandy, 
moderate-energy  coast  dominated  by  a diurnal  land-breeze/sea-breeze  wind  system. 
Subsequent  interdisciplinary  studies  have  been  conducted  by  CSI  on  the  arctic  coast 
of  Alaska,  in  1972  (Wiseman  et  al.,  1973),  and  on  a reef  coast  in  the  trade  winds 
(Grand  Cayman,  1972;  Barbados,  West  Indies,  1973)  (Roberts  et  al. , 1975).  The  Brazil 
project  was  designed  to  investigate  a high-energy  barrier  and  beach  system.  The 
northeast  coast  of  Brazil  was  selected  because  strong,  persistent  onshore  winds  are 
present,  wave  action  exceeds  1 meter  much  of  the  year,  sediment  supply  is  abundant, 
and  morphologic  characteristics  are  highly  variable.  A reconnaissance  of  the  field 
site  was  conducted  during  January  1974  (Wright  et  al. , 1974). 

Contained  within  the  broad  objective  of  the  Brazil  high-energy  barrier  study 
were  specific  goals  in  aerodynamics,  hydrodynamics,  and  morphodynamics . The  objec- 
tive of  the  aerodynamics  study  (conducted  by  S.  A.  Hsu)  was  to  investigate  the 
aerodynamic  roughness  of  the  air-sea  and  air-land  interfaces  from  offshore  to  the 
beach  zone,  including  the  study  of  the  relationship  between  atmospheric  turbulent 
flux  of  momentum  and  wave-spectra  modification,  sediment  transport  on  dunes,  and 
verification  of  an  equation  for  dynamic  roughness.  The  objectives  of  the  hydro- 
dynamics studies  (J.  N.  Suhayda,  H.  H.  Roberts)  were  to  determine  the  synoptic  pat- 
terns of  nearshore  waves  and  currents  on  a high-energy  beach,  the  alongshore  varia- 
tion of  surf-zone  infragravity  waves,  and  the  effect  of  a cemented  offshore  barrier 
on  nearshore  wave  and  current  action.  The  morphodynamics  and  geologic  studies  (H.  H. 
Roberts  and  A.  D.  Short)  had  as  objectives  the  characterization  of  sedimentary 
patterns  of  a beach-ridge  and  swale  complex  and  the  morphodynamics  of  a beach-ridge 
plain,  description  of  sedimentary  patterns  associated  with  a barrier/lagoon  system, 
and  understanding  of  the  formation  of  cemented  offshore  beach-rock  barriers. 

This  report  is  organized  along  lines  of  scientific  disciplines.  Section  II 
presents  the  results  of  meteorological  studies.  Section  III  presents  the  results  of 
the  oceanographic  studies,  and  Section  IV  presents  the  morphologic  results.  The 
major  results  of  the  study  are  summarized  in  Section  V. 


The  Northeast  Coast  of  Brazil 


The  study  area  extends  a distance  of  700  km  along  the  northeast  coast  of  Brazil 
between  Salvador  and  Recife.  This  area,  shown  in  Figure  1,  lies  between  latitudes 
S^S  and  13°S.  The  regional  characteristics  of  the  coast  are  determined  by  its 
location  on  a trailing  edge  of  the  South  American  continent  crustal  block  (Inman  and 
Nordstrom,  1971).  These  characteristics  are  a broad  coastal  plain,  high  river 
discharge,  abundant  sediment  supply,  and  absence  of  coastal  mountain  ranges.  The 
shelf,  however,  is  not  broad;  its  average  width  ("^30-40  km)  is  approximately  one- 
half  the  world  average.  These  general  characteristics  of  the  coast  were  determined 
by  the  sequence  of  tectonic  events  that  developed  the  Atlantic  Ocean. 

The  tectonic  configuration  of  the  Brazilian  continental  margin  was  established 
during  the  Early  Cretaceous  (Campos  et  al.,  1974)  in  response  to  the  Wealdian 
Reactivation,  an  intense  tectonism  that  affected  the  present  coastal  areas  after  the 
region  had  been  stable  since  the  early  Paleozoic.  These  processes,  operating  along 
Precambrian  lines  of  crustal  weakness,  developed  a gravity-faulting  pattern  that 
controlled  Che  pattern  of  what  was  to  become  the  Brazilian  and  African  coastlines. 

The  initial  stage  of  the  process  is  shown  in  Figure  2A.  The  existing  continental 
land  mass  was  Gondwanaland , as  shown  in  the  figure.  Faulting  and  the  development  of 
a rift  valley  occurred,  and  spreading  of  tlie  land  masses  tliat  were  to  become  the 
South  American  and  African  continents  was  initiated.  During  an  early  stage  in  the 
formation  of  the  coast,  a Proto  Atlantic  Gulf  developed,  and  the  present  coastline 
of  Brazil  become  evident,  as  shown  in  Figure  2B.  Later,  during  the  Upper  Creta- 
ceous, the  Gulf  opened  and  the  Atlantic  Ocean  basin  became  fully  developed,  as  shown 
in  Figure  2C.  The  Brazilian  shelf  then  became  subject  to  oceanographic  and  meteoro- 
logical processes. 

In  gross  character  the  present  coast  from  Salvador  to  Recife  is  a sandy,  wave- 
built  depositional  feature:  the  coastline  is  composed  almost  entirely  of  coastal 
beaches  and  barrier  formations.  On  a regional  scale  the  coast  is  aligned  to  face 
the  prevailing  southeasterly  waves.  In  detail,  however,  the  coast  is  relatively 
irregular,  and  numerous  low-amplitude  (i.e.,  not  extremely  protruding)  headlands 
alternate  with  arcuate  embayments  and  small  inlets.  These  local  irregularities 
cause  local  variations  in  the  degree  of  wave  refraction  and  exposure  to  the  pre- 
vailing waves  and,  hence,  in  the  strength  of  wave  forces  near  the  shoreline.  As  a 
consequence  of  variations  in  (a)  nearshore  wave  energy  and,  more  Importantly,  (b) 
proximity  to  a sediment  source,  some  sections  of  the  coast  are  characterized  by 
rapidly  prograding  beach-ridge  plains,  whereas  erosion  prevails  along  other  sections. 
Overall,  much  of  the  coastline  appears  to  be  relatively  stable.  Offshore  slopes 
fronting  the  coast  are  moderately  steep  and  linear  to  slightly  convex  in  profile; 
slopes  from  the  shoreline  to  the  100-meter  contour  range  from  0°4'  to  O^IB'  and 
average  0°15'. 

The  northeast  coast  of  Brazil  differs  significantly  from  typical  barrier  coasts 
(such  as  the  eastern  coast  of  the  U.S.)  in  the  sense  that  extensive  modern  cemented 
beach  rock  prevails  in  varying  degrees  along  the  entire  length  of  the  coastal 
region.  This  beach  rock  is  responsible  for  the  existence  of  broad  bands  of  lithl- 
fied  beach  sand  in  intertidal  zones,  of  Impermeable  layers  beneath  active  beach 
sands,  of  cemented  headlands  and  inlet-mouth  bars,  and  of  long,  linear  "reefs" 
("recifes")  of  carbonate-cemented  sandstone  that  parallel  the  coast  in  the  nearshore 
region.  The  presence  of  this  l)each  rock  appreciably  affects  wave  breaking  and  wave- 
energy  dissipation,  as  well  as  the  response  characteristics  of  the  beach. 
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Monthly  wind  roses  for  the  region  indicate  that  southeasterly  winds  are  domi- 
nant. Wind  velocities  rarely  exceed  20  m/sec;  severe  storms  of  hurricane  force  are 
virtually  nonexistent.  Directions  of  average  coastal  currents  in  the  offshore  zone 
are  variable.  Currents  generally  set  to  the  south  from  September  through  May  and  to 
the  north  during  the  winter  months  of  June  through  August. 

Tides  are  semidiurnal  and  have  a moderate  range.  The  average  annual  mean  and 
spring  tidal  ranges  at  Salvador  and  Recife  are  1.63  meters  and  2.17  meters,  respec- 
tively. The  east  coast  of  Brazil  is  dominated  by  moderate-  to  high-energy  waves 
that  arrive  almost  exclusively  from  the  southeast,  where  they  are  generated  by  the 
southeasterly  trades  and  storms  in  the  higher  latitudes  of  the  South  Atlantic.  The 
results  of  wave  observations  made  by  Petrobras  (the  Brazilian  national  oil  company) 
on  offshore  platforms  in  the  vicinity  of  Aracaju  are  summarized  in  Figure  3.  The 
frequency  distribution  of  significant  and  maximum  wave  height  is  shown  in  Figure  3A; 
the  frequencies  of  significant  periods  are  indicated  in  Figure  3B;  and  Figure  3C 
shows  the  directional  frequency  of  occurrence  of  all  waves.  The  most  frequently 
occurring  significant  waves  have  heights  of  about  1 meter  and  periods  of  7.5  sec; 

however,  wave  heights  in  excess  of  2.5  meters  are  not  uncommon  (Fig.  3A) . The  ‘ 

nearshore  wave  power  is  determined  by  the  effects  of  refraction,  shoaling,  and  |; 

frictional  attenuation  on  waves.  Estimates  of  the  resulting  nearshore  wave  power 

and  breaker  heights  (height  = 1 meter;  period  = 7.5  sec)  were  made  using  the  Instl-  1 

tute's  comprehensive  wave  refraction  computer  program  (Wright  and  Coleman,  1973).  i 

Figure  4 shows  the  spatial  variations  in  nearshore  wave  power,  longshore  power,  and 
breaker  height  along  the  coast  between  Salvador  and  Recife. 

Field  Sites  and  Instruments  ! 

Two  field  sites  were  occupied  during  the  study.  One  was  located  at  Aracaju,  in  i 

the  state  of  Sergipe  (Fig.  5),  and  the  other  was  at  Suape,  in  the  state  of  Pernam- 
buco, near  Recife  (Fig.  6).  The  Aracaju  site  consisted  of  a river  and  beach-ridge  j 

complex  having  well-developed  alongshore  bars.  The  Suape  site  consisted  of  a river/  ■ 

lagoon  complex  formed  by  a long  beach-rock  barrier.  ' i 

The  city  of  Aracaju  (see  Fig.  5),  located  in  the  approximate  center  of  the 
Sergipe  coast,  is  a major  site  of  Petrobras  petroleum  production:  production  and 
drilling  platforms  are  situated  a short  distance  offshore  from  Aracaju.  Because  of 
the  availability  of  these  platforms  for  mounting  instruments  and  the  cooperation  and 
logistic  support  of  Petrobras,  Aracaju  was  the  preferred  location  for  several 
detailed  investigations. 

The  active  beach  between  Aracaju  and  Rio  Vasa  Barrls  is  composed  of  "dirty"  ! 

fine  sand  containing  a significant  percentage  of  silt  and  is  extremely  flat.  The 

flat  foreshore  is  responsible  for  a broad  breaker  zone.  The  subaerial  beach  is  ■ j 

relatively  featureless,  lacking  rhythmic  topography  and  a wave-built  berm.  The  flat  ^ 5 

beach  is  about  150  meters  wide  at  low  tide  and  is  almost  completely  transgressed  at  . j 

high  tide.  The  beach  is  backed  by  a relatively  straight  scarp  at  the  foot  of  the  ' 

foredune.  Behind  the  foredune  a broad  expanse  of  Irregular  dune  topography  is 
common. 

i 

Extensive  and  impressive  beach-rock  formations  are  found  along  the  coast  of  i j 

Pernambuco  State.  Recife,  the  principal  city  of  this  state,  derives  its  name  from  i j 

these  formations  ("reclfe"  is  the  Portuguese  word  for  "reef").  The  second  field  M 

site  was  located  at  Suape,  shown  in  Figure  6.  The  coastal  system  at  Suape  consists  ] j 

of  a beach-rock  barrier  that  has  enclosed  a lagoon  and  river  mouth  as  a result  of 
the  erosion  of  unconsolidated  sand  between  the  barrier  and  the  present-day  shore- 
line. In  several  places  along  the  Pernambuco  coast  long, linear  beach-rock  bars  i 
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Figure  3.  Deepwater  wave  characteristics  for  the  coast  of  Sergipe.  A.  Frequency 
distribution  of  significant  and  maximum  wave  height.  B.  Frequency  distribution  of 
significant  period.  C.  Directional  frequencies. 
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Figure  4.  Spatial  variations  In  the  nearshore  wave  power,  longshore  power,  and 
breaker  height  along  the  northeast  coast.  Convergence  zones  of  littoral  drift  are 
Indicated  at  points  north  of  Salvador,  at  Aracaju  and  Rio  Sao  Francisco,  and  north  of 
Macelo. 
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ducted  at  the  beach  site  and  the  offshore  site. 
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parallel  the  coast  both  in  the  nearshore  region  and  offshore,  where  they  are  sub- 
merged. In  some  locations  there  are  as  many  as  four  successive  bands  of  beach  rock. 
These  beach-rock  bars  are  highly  effective  In  dissipating  incident  wave  energy  and 
generally  protect  the  subaerial  beach  from  normal  wave  activity. 


Field  Experiments 

Several  Individual  studies  were  conducted  In  which  data  were  acquired  during 
the  field  program,  including  primarily  CSI  research  and  also  cooperative  programs. 

These  experiments  are  summarized  in  Table  1.  The  major  field  Instruments  used  are 
listed  in  Table  2.  Data  used  In  this  study  were  also  acquired  from  the  files  of 
several  cooperating  Brazilian  agencies. 

The  initial  aerodynamic  field  experiments  were  conducted  in  the  Aracaju  area. 

An  air-sea  Interaction  station  was  in  operation  for  about  a week.  Instruments 
designed  to  monitor  wind  profiles  and  oceanographic  parameters  were  Installed  on  an 
offshore  oil  rig  located  in  water  approximately  30  meters  deep,  shown  in  Figure  5. 
Meteorological  and  oceanographic  sensors  were  set  up  as  far  away  from  the  platform 
as  possible.  After  the  offshore  study  was  completed,  the  wind  profile  register 
system  was  deployed  on  the  beach,  over  the  dune,  and  in  the  swale  area  at  the  |j 

onshore  site  (Fig.  5)  to  investigate  the  air  flow  characteristics  over  these  coastal 
features.  In  addition,  an  acoustic  radar  was  in  operation  for  about  10  days  in  the 
study  area.  We  obtained  regional  weather  maps  covering  the  tenure  of  the  Brazil 
studies  from  Petrobras,  from  the  Brazilian  Air  Force  weather  station  in  Recife,  and 
from  the  agrometeorological  station  in  Aracaju.  These  weather  maps  covered  north- 
eastern Brazil  from  the  surface  to  500  mb  and  incorporated  U.S.  meteorological 
satellite  information  and  surface  and  pilot  balloon  observations. 

At  the  platform  oceanographic  measurements  were  made  of  shelf  waves,  tides,  and 
near-surface  currents.  Tide  and  near-surface  currents  were  measured  continuously 
for  6 days.  Wave  records  were  taken  once  a day  for  3 days.  These  measurements  were 
made  to  indicate  several  scales  of  oceanographic  motion. 

Nearshore  wave  and  current  measurements  were  made  at  various  distances  along 
the  beach  site  on  the  Aracaju  coast  (Fig.  5)  to  determine  the  alongshore  variations 
of  infragravity  waves.  Three  water-level  pressure  sensors  and  two  current  meters 
were  deployed.  The  signals  were  low-pass-filtered  (30-sec  time  constant)  to  bring 
out  strong  current  and  water-level  variations  at  a period  of  about  1 min. 

A study  of  wave  action  behind  (shoreward  of)  a partially  submerged  barrier  was 
conducted  at  Suape,  Pernambuco.  A wave  pressure  sensor  was  placed  near  the  shore- 
line inshore  of  a break  in  the  offshore  barrier,  as  shown  in  Figure  6. 

The  dune  and  beach-ridge  morphology  was  determined  initially  by  using  a de- 
tailed map  of  the  region  that  was  prepared  from  1966  aerial  photographs;  second,  by 
making  a 1.5-km-long  survey  from  the  beach  inland  across  the  dune  and  ridge  field; 
third,  by  collecting  26  sediment  samples  at  selected  points  along  the  survey  line; 
and  fourth,  by  taking  four  cores  (1.3  meters  deep)  from  the  beach  and  a swale  for 
later  analysis  of  sedimentary  structures. 

To  monitor  changes  in  the  beach  and  inner-bar  morphology,  two  beach  grids  were 
established  at  Aracaju.  One  was  located  immediately  to  the  south  of  the  Petrobras 
tank  farm  and  measured  200  x 150  meters.  The  second  grid  (450  x 200  meters)  was 
located  at  the  main  study  site,  approximately  6 km  farther  south.  At  each  grid 
beach  stakes  were  set  up  50  meters  apart  along  the  beach  and  at  10-meter  spaclngs 
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dovni  the  beach.  The  tank  farm  grid  was  surveyed  on  10-13  June  and  3 July.  The 
main-site  grid  was  surveyed  on  8-15,  17,  and  20-23  June  and  1 July.  In  addition,  a 
set  of  30  beach  sand  samples  was  collected  at  the  main  grid  on  2 July.  These  were 
analyzed  for  texture  characteristics. 

Two  sets  of  air  photographs,  taken  at  1,200  meters  and  9,000  meters,  were  used 
to  analyze  the  spatial  distribution  and  plan-view  geometry  of  coastal  landforms  at 
the  Suape  location. 


Table  1 


Field  Experiments  Conducted  and/or 

Data  Sets  Acquired 

Investigation  or  Experiment 

Site 

Air-sea  interaction 

Boundary  layer  / micrometeorology 

Weather  data  for  June  / Agriculture  Station 
Atmospheric  boundary  layer  / mesoscale 

Weather  maps  / Brazilian  Air  Force 

Aracaj  u/Of  f shore 
Aracaju/Onshore 
Aracaj u 

Aracaju/Onshore 

Recife 

Shelf  waves  and  currents 

Nearshore  currents  / waves 

Lagoon  wave  action 

Wave-current  climate  data  / Petrobras 

Sediment  transport  date  / DIPER 

Aracaj  u/Of  f shore 
Aracaj  u/Onshore 
Suape 

Aracaj u 

Suape 

Morphology  of  alongshore  bars 

Dune-swale  sediment  and  morphology  study 

Aerial  photos  / DIPER,  Petrobras 

Aracaj  u 

Aracaj u 

Aracaj u/Suape 

. Dune-swale  sediment  and  morphology  study 

i Beach  rock  studies 

1 Lagoon  morphodynamics 

1 Geologic-geophysical  data  / DIPER 

1 Aerial  photos  / DIPER,  Petrobras 

Aracaj  u 

Macelo/Suape 

Suape 

Suape 

Aracaju,  Suape 
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Table  2 


Major  Equipment  Used  in  Brazil  Study 


Item 

Manufacturer 

Use 

Meteorology 

1.  Anemometer 

Climet  Instruments 

Wind  speed  and  direction 

2.  Wind  profile  register 

Thornthwalte  Associates 

Wind  speed  at  six  levels 

3.  Microbarograph 

Weathermeasure 

Atmospheric  pressure 

4.  Atmospheric  profiler 

Aerovlronment 

Acoustic  sounder  / struc- 
ture In  lower  atmosphere 

Oceanography 

1.  Q-15  current  meter 

Marine  Advisers 

Current  speed  and  direction 
(2D) 

2.  Ducted  meter 

CSI 

Current  speed  (ID) 

3.  Pressure  water  level  gage 

CSI 

Waves /tides 

4.  Wave  staff 

CSI 

Capacitance  wire/waves 
and  tides 

5.  RS-5  salinometer 

Beckman  Instruments 

Salinity  and  temperature 

6.  Digital  flowmeter 

General  Oceanics 

Counter/current  speed 

Georaorphology 

1.  Fathometer 

Raytheon  Model  731 

Echo  sounder 

Geology 

1.  Coring  rig 

CSI 

Core  samples 

L 
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II.  ATMOSPHERIC  PROCESSES 


Introduction 


Coastal  meteorology  Is  an  Integral  part  of  the  total-systems  approach  to  under- 
standing coastal  environments.  This  section  Is  devoted  to  the  Investigation  of 
atmospheric  processes  In  the  study  area.  Particular  emphasis,  however.  Is  placed 
upon  boundary-layer  meteorological  research,  namely  air-sea  and  alr-land  Inter- 
actions. Specific  experiments  to  determine  the  momentum  flux  at  the  alr-sea-land 
Interfaces  were  conducted  and  are  discussed  In  detail. 

Some  review  of  the  general  synoptic  meteorology,  particularly  the  weather  sys- 
tems that  affect  the  northeast  coast  of  Brazil,  may  be  helpful.  From  the  experi- 
mental standpoint,  one  also  needs  to  know  what  the  larger  scale  atmospheric  effect 
Is  during  the  period  of  field  experiments.  Therefore,  this  chapter  is  organized  as 
follows:  general  synoptic  meteorology,  eollan  sand  transport,  and  air-sea  Inter- 

action. Specific  applications  from  this  study  are  discussed  In  appropriate  sections. 


General  Synoptic  Meteorology 

The  mean  circulation  and  the  synoptic  perturbations  over  the  southern  tropical 
zone  of  South  America  are  poorly  known  (see,  e.g.,  Taljaard,  1972).  This  circum- 
stance can  be  ascribed  mainly  to  the  lack  of  upper-air  sounding  stations  over  the 
vast  area,  particularly  the  Amazon  Basin.  On  the  temporal  scale,  this  deficiency  Is 
a critical  factor  In  some  regional  studies.  For  example,  lack  of  a sufficient 
period  of  record  of  upper-air  observations  necessitated  using  only  a single  year's 
complete  reporting  network  In  the  Investigation  of  precipitation  characteristics  In 
the  northeastern  Brazil  dry  region  (Ramos,  1975).  Nevertheless,  some  general 
knowledge  may  be  obtained  from  the  literature.  The  following  discussion  Is  based 
mainly  on  Taljaard's  (1972)  analysis  of  synoptic  meteorology. 

Low-level  circulation  conditions  In  summer  (December  to  February)  and  In  winter 
(June  to  August) , which  were  obtained  from  the  monthly  resultant  winds  during  1968- 
70  at  ten  stations  east  of  the  Andes  and  taken  in  conjunction  with  longer  series  of 
observations  at  Lima,  Guayaquil,  Recife,  Fernando  Noronha,  and  stations  farther 
south  In  Chile  and  Argentina,  are  shown  In  Figure  7.  These  results  represent  mainly 
the  850-mb  flow,  but  700-mb  winds  have  also  been  taken  into  account. 

A first  impression  is  that  circulation  Is  very  similar  In  summer  and  In  winter. 
In  both  seasons  the  ridge  associated  with  the  Atlantic  anticyclone  stretches  west- 
ward over  the  continent;  Its  axis  Is  along  15“-20'’S.  The  important  difference  is 
that  in  winter  steady  southeasterlles  blow  across  the  equator,  whereas  in  summer 
less  constant  easterlies  blow  more  or  less  parallel  to  the  equator.  Humid  tropical 
air  from  the  northern  hemisphere  frequently  drifts  southward  in  summer  and  Joins  the 
trade  current  from  the  South  Atlantic  to  produce  the  high  rainfall  and  cloudiness  of 
the  Amazon  Basin  and  adjacent  southern  territories.  The  antlcyclonic  curvature  of 
the  flow  lines  is  stronger  In  winter  than  In  summer.  East  of  the  Andes,  the  north- 
erly current  persists  to  25'’S  and  even  farther  south  in  summer,  but  In  winter  fresh 
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Figure  7.  Mean  sea-level  pressure  in  January  and  July  and  average  low-level 
(1-3  km)  flow  patterns  over  southern  tropical  South  America  in  summer  (top) 
and  winter  (bottom)  (from  Taljaard,  1972). 
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westerly  winds  are  frequent  at  20®  and  25®S.  In  January  the  sea-level  Isobars  are 
parallel  to  the  east  coast  from  Cape  Sao  Roque  to  Rio  de  Janeiro,  but  in  July  the 
pressure  is  5 mb  lower  at  Cape  Sao  Roque  than  at  20°S  on  the  coast,  and  the  onshore 
trade  wind  is  consequently  stronger. 

Trewartha  (1961)  discussed  the  climatic  controls  and  synoptic  disturbances  of 
tropical  South  America  in  some  detail.  Schematic  representation  of  the  disturbances 
that  affect  the  region  in  summer  and  in  winter  are  given  in  Figure  8.  Little  con- 
crete knowledge  exists  about  the  systems  between  0°  and  15®S.  It  can  be  assumed  that 
the  humid  air  mass  is  potentially  very  unstable  and  that  small  perturbations  lead  to 
overturning  and  release  of  the  potential  energy  whereby  these  systems  are  maintained 
for  many  hours.  Thus,  small  convection  elements  may  grow  to  extensive  cumulonimbus 
clusters.  Johnson  (1970)  showed  a satellite  cloud  photograph  over  tropical  South 
America  that  indicates  a large  number  of  rounded  or  slightly  elongated  cumulonimbus 
clusters.  These  clusters,  said  to  be  typical  of  the  region,  develop  and  decay 
diurnally  and  therefc.  represent  convective  elements  rather  than  organized  weather 
systems,  which  have  ‘i  e cycles  of  several  days.  However,  it  is  unlikely  that  the 
abundant  rainfall  t e Amazon  Basin  consists  solely,  or  even  mainly,  of  diurnal 

convective  shower  1 must  be  assumed  that  propagating  wave  and  line  disturbances 

exist  in  the  reg  n.  rewartha  suggested  that  westward-moving  equatorial  waves 
affect  the  zone  :lose  3 the  equator.  Elsewhere,  line  disturbances  similar  to  speed 
convergences  in  the  Ic  -level  easterly  and  northerly  currents  are  thought  to  con- 
tribute to  the  ralnfa'  . The  Andes  form  a barrier  4-5  km  high  that  must  necessarily 
terminate  the  horizon!  il  westward  movement  of  an  almost  equal  depth  of  air  north  of 
15°S.  This  can  be  adileved  through  speed  convergence  in  gradual  or  steplike 
fashion,  ii stead  of  through  forced  ascent  along  the  eastern  slopes  of  the  cordil- 
lera. 

The  southern  part  of  the  tropical  zone  comes  under  the  Influence  of  distur- 
bances of  subtropical  and  middle  latitudes  in  summer,  though  to  a lesser  extent 
than  in  winter.  Heat  lows  are  characteristic  of  Paraguay  and  the  Gran  Chaco.  East 
of  the  Andes  to  25®S,  active  cold  fronts  advance  northward  and  in  weakened  form 
occasionally  reach  20°S  over  the  Interior  as  well  as  over  the  east  coast.  The 
fronts  are  preceded  by  broad  convergence  zones  and  disturbed  weather.  When  anti- 
cyclones pass  eastward  over  the  sea,  rain  belts  of  a warm  frontal  character  occa- 
sionally develop  on  land  along  the  leading  edges  of  the  returning  tropical  air. 

The  surface  systems  are  reflected  in  upper  troughs  and  ridges  (it  may  be  argued  that 
upper  troughs  and  ridges  in  the  westerlies  induce  the  development  of  the  surface 
system) . 


Shear  Velocity  Measurements  for  Eolian 
Sand  Transport  Estimation 

Sand  transport  by  the  wind  is  an  Important  aspect  of  sedlmentological  studies 
of  a given  region,  particularly  in  coastal  areas  (see,  e.g.,  Svasek  and  Terwlndt, 
1974).  On  the  basis  of  available  laboratory  and  field  measurements  of  the  rate  of 
eolian  sand  transport,  Hsu  (1971a)  introduced  a relatively  simple  method  by  which 
this  rate  can  be  scaled  by  a special  Froude  number.  Recent  measurements  by  Svasek 
and  Terwindt  (1974)  confirm  the  validity  of  this  method.  The  most  important  param- 
eter in  the  formula  is  the  atmospheric  shear  velocity.  Extensive  measurements  of 
wind  structures  in  various  coastal  environments  indicate  that  the  method  can  be 
extended  and  applied  to  these  environments  to  compute  the  amount  of  sand  transported 
by  the  wind.  However,  estimates  of  this  rate  in  coastal  sand  dune  areas  are  lack- 
ing. This  section  summarizes  the  development  of  the  method  and  measurements  of  the 
shear  velocity  in  a beach-dune-swale  environment  along  the  northeastern  coast  of 
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Figure  8.  Schematic  representation  of  weather  disturbances  that 
affect  tropical  South  America  south  of  the  equator  in  summer 
(top)  and  winter  (bottom):  EW  = equatorial  wave;  ITC  = dis- 
placed intertropical  convergence  zone;  LD  = line  disturbance; 

CC  = diurnal  cumulonimbus  clusters; CF  = cold  front;  WF  = warm 
front;  UT  = upper  trough;  CL  = cutoff  low;  HL  = heat  low;  FW  = 
frontal  wave.  Land  above  3 km  is  marked  by  hatched  pattern 
(from  Taljaard,  1972). 
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Brazil.  For  comparison,  similar  measurements  from  other  air-coast  interfaces  are 
also  included. 


The  relationship  formulated  by  Hsu  (1971a,  p.  8685)  for  computing  the  rate  of 
sand  transport  by  the  wind  is 


q 


Fr^  = K[ 


(gD)v2 


(2,1) 


where  q (gm/cm/sec)  is  tlie  rate  of  sand  transport  by  the  wind  and  Fr  is  a special 
Froude  number.  Fr  is  a function  of  the  atmospheric  shear  velocity  U*  (cm/sec)  and 
the  acceleration  of  gravity  g (980  cm/sec^).  Note  that,  because  the  Froude  number 
is  dimensionless,  the  dimension  of  the  mean  grain  size  of  the  sand  particles  D is  in 
centimeters.  Note  also  that  this  Froude  number  is  different  from  the  conventional 
or  normal  Froude  number  because  the  velocity  is  replaced  by  U^.  K is  defined  as  the 
dimensional  eolian  sand  transport  coefficient  and  has  the  same  dimensions  as  q.  The 
value  of  Fr  is  explicitly  determined  by  the  bracketed  term  in  equation  (2.1).  The 
values  of  K are  given  by 


K = lO"**  + 49.1  D) 


(2.2) 


where  e is  the  base  of  natural  logarithms  and  is  approximately  equal  to  2.7183. 
Equation  (2.2)  was  obtained  by  incorporating  the  data  listed  in  Hsu  (1971a)  and 
recent  measurements  by  Svasek  and  Terwindt  (1974).  The  procedure  was  outlined  in 
Hsu  (1971a). 

If  the  value  of  U*  is  known,  the  rate  of  eolian  sand  transport  can  then  be 
computed.  The  procedures  have  been  given  in  Hsu  (1973).  Briefly,  U*  can  be  ob- 
tained by  the  logarithmic  wind  profile  law,  which  states  that 


U 


z 


(2.3) 


where  is  the  mean  horizontal  wind  velocity  at  any  given  height  Z,  k is  the  von 
Karman  constant  (=^0.4),  and  Z^  is  the  aerodynamic  roughness  length,  defined  under 
the  boundary  condition  that  = 0 at  Z = Zq.  The  value  of  Zq  depends  upon  the 

characteristics  of  the  underlying  surface. 


The  quantities  U*  and  Z^  can  be  obtained  easily  from  the  wind  profiles  Inasmuch 
as  </U*  is  the  slope  of  the  least-square  linear  fit  of  the  profile  on  a semi-loga- 
rithmlc  scale  and  Zq  is  the  intercept  with  the  in  Z axis  (where  “ 0) . Some 

examples  of  the  logarithmic  wind  profiles  were  given  by  Hsu  (1972a)  and  Svasek  and 
Terwindt  (1974). 

It  is  convenient  to  define  the  drag  coefficient  at  height  Z by  (e.g., 
Priestley,  1959,  p.  21) 


Cz  = (U*/U2)2  (2.4) 


In  other  words,  if  we  know  for  a given  area,  the  shear  velocity  U*  can  be 
calculated  from  the  wind  velocity  and  then  substituted  into  equation  (2.1)  to  give 
the  value  of  q.  For  brevity,  two  examples  will  serve  to  illustrate  the  method  and 
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are  given  in  a later  section. 

The  experiment  to  measure  the  shear  velocity  at  the  air-beach-dune-swale  inter- 
face in  Brazil  was  performed  during  June  1975  (Fig.  9).  In  order  to  compare  the 
results  with  those  from  other  air-coast  interfaces,  measurements  are  included  that 
were  made  over  beaches  near  Fort  Walton,  Florida,  in  May  1970  (Hsu,  1971b);  on 
northern  Padre  Island,  Texas,  in  September  1972  (Hsu,  1973);  on  Point  Lay  Island, 
Alaskan  Arctic  (Walters,  1973);  near  Playas,  Gulf  of  Guayaquil,  Ecuador  (Hsu, 

1971a);  and  near  Bath,  Barbados,  West  Indies.  Similar  experiments  were  performed  on 
a low  dune  field  (average  height  50  cm)  on  northern  Padre  Island,  Texas,  in  Septem- 
ber 1972  and  on  a tidal  flat  in  Estero  de  Data  (Guayas  Estuary),  Ecuador  (Hsu, 
1972a).  These  results  are  summarized  in  this  report,  along  with  pertinent  measure- 
ments made  by  others,  such  as  those  by  Bagnold  (1941),  who  reported  data  from 
experiments  in  a Libyan  desert. 

The  main  instrument  used  for  tlie  experiments  was  a portable  Thornthwalte  Wind 
Profile  Register  System  (Model  106,  C.  W.  Thornthwalte  and  Associates,  Elmer,  New 
Jersey,  U.S.A.)  with  six-unit,  three-cup,  fast-response  anemometers  mounted  at  20, 
40,  80,  160,  240,  and  320  cm  above  the  surface.  Some  examples  are  shown  in  Figure 
9.  The  instrumentation  and  wind  data  reduction  and  analysis  procedures  have  been 
described  by  Hsu  (1971b,  1972a). 


As  discussed  in  a previous  section,  a convenient  way  to  express  the  shear 
velocity  is  the  value  of  C^.  For  reference  purposes  Cz  at  2 meters  above  the 
surface  is  usually  employed  (e.g.,  Priestley,  1959,  p.  21).  It  should  be  noted  that 
is  relatively  insensitive  to  Zq.  An  equivalent  statement  is  that  Cz  can  be 
determined  without  having  to  specify  too  closely  the  height  to  which  it  relates. 


Table  3 summarizes  the  results  from  those  areas  investigated  by  the  author  and 
his  associates  during  the  past  few  years.  For  reference  purposes,  some  of  the  data 
listed  by  Priestley  (1959)  and  Bagnold  (1941)  for  similar  environments  over  coastal 
and  inland  sites  are  also  included  in  Table  3. 


Figure  10  sumnuirizes  our  sliear  velocity  measurements  in  various  coastal 
environments.  Because  It  is  not  always  convenient  for  an  anemometer  to  be  located 
2 meters  above  the  surface,  the  following  equation  may  be  used  (cf  equation  2.3); 


U 


* 


K Uz 
{n  Z/Zo 


(2.5) 


where  Zq  may  be  approximated  by  applying  pertinent  values  as  shown  in  Figure  10. 

Note  that  values  of  Zq  were  obtained  from  Cz  at  2 meters  (Fig.  10  and  equation 
2.3).  Fortunately,  in  the  atmospheric  surface  boundary  layer  (say,  Z docs  not 
exceed  25  meters  above  the  surface,  according  to  Sutton,  1953,  p.  79),  the  value  of 
U*  may  be  treated  as  a constant.  Almost  all  National  Weather  Service  anemometers 
are  located  within  this  layer,  and  it  is  safe  to  use  equat ion  (2 . 5) f or  general  micro- 
meteorological  applications. 


For  a sand  budget  study  of  a given  region,  tlie  rate  of  eol  ian  sand  transport  is 
required.  The  method  developed  is  based  on  both  field  and  laboratory  experiments 
(Hsu,  1971a,  1973)  and  should  therefore  be  applicable  to  natural  beaches  and  deserts 
such  as  those  discussed  in  Kadib  (1965)  and  Svasek  and  Terwindt  (1974).  Estimates 
of  this  rate  in  coastal  sand  dune  areas  are  lacking.  However,  recent  measurements 
of  shear  velocity  in  a beach-dune-swale  environment  In  Brazil  (see  Table  3 and 
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Figure  9.  Wind  profile  measurements  in  a beach-dune- 
swale  environment  near  Aracaju,  on  the  northeastern 
coast  of  Brazil  (cf.  Fig.  5)  where  A shows  the  instru- 
ment array  on  the  beach;  ^ indicates  an  area  near  a dune 
scarp  (average  scarp  height  from  beach  = 1 meter);  C is 
a region  near  the  top  of  a dune  (average  dune  height  - 
2 meters);  D sliows  a site  near  the  lee  side  of  the 
dune;  ^ is  the  swale  area;  and  £ is  an  area  from  the 
swale  region  toward  the  sea. 


; 

i 

1 

‘l 

1 

r"' 

' ■ / 

Table  3 


! 

\ 

I 


f 


! 

1 


Measurements  of  Drag  Coefficients  in  Alr-Beach-Dune-Swale 
Environment  near  Aracaju,  Brazil 


Cz  at 

2 m 

Type  of  Surface 

± Standard 

Deviation 

Upper  swash  zone  on  Bath  Beach,  Barbados,  West  Indies 

0,000872 

0.0000748 

Smooth  mud  flats® 

0.0010 

Tidal  flat,  Estero  de  Data  (Guayas  Estuary,  Ecuador) 

0.00135 

0.000082 

Beach  near  Playas,  Gulf  of  Guayaquil,  Ecuador 

0.001A7 

0.00108 

Beach  on  northern  Padre  Island,  Texas 

0.00205 

0.00068 

Desert  (Pakistan)® 

0.0020 

Beach  near  Aracaju,  Brazil  (Fig.  9A) 

0.00211 

0.000602 

Beach  near  Fort  Walton,  Florida 

0.00222 

0.00069 

Low  dune  field  (average  height  50  cm),  northern 

Padre  Island,  Texas 

0.00232 

0.00076 

Dune  area  scarp  (average  scarp  height  from  beach 
=1  m)  near  Aracaju,  Brazil  (Fig.  9B) 

0.00248 

0.00137 

Desert  (Libya)b 

0.0027 

Beach  on  Point  Lay  Island,  Alaskan  Arctic 

0.00291 

0.00036 

Swale  area  near  Aracaju,  Brazil  (Fig.  9E) 

0.00340 

0.000638 

Dune  area  (near  top)  (average  dune  height  i 2 m)  near 
Aracaju,  Brazil  (Fig.  9C) 

0.00495 

0.00101 

Dune  area  (near  lee  side)  (average  dune  height  52m) 
near  Aracaju,  Brazil  (Fig.  9D) 

0.00984 

0.000756 

sprom  Priestley  (1959) 
bProm  Bagnold  (19A1) 

NOTE:  For  comparison,  measurements  from  other  coastal  and  Inland  surfaces  are 
included  (see  text). 
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Figure  10.  Sunmary  of  the  aerodynamic  roughness  length,  Zq,  and  the  relationship 
between  the  shear  velocity,  U*,  and  the  wind  velocity  at  2-meter  height,  U2m»  mea- 
sured in  various  coastal  environments  for  eolian  sand  transport  estimation.  All 
data  are  based  on  Table  3;  (1)  was  obtained  from  Ecuador;  (2)  is  a synthesis  of 
six  beaches,  l.e.,  Barbados,  Ecuador,  Texas,  Brazil,  Florida,  and  the  Alaskan 
Arctic;  (3)  is  from  Texas;  and  (4)  through  (7)  are  all  from  Brazil. 
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Fig.  10)  indicate  that  the  method  may  be  extended  to  such  regions.  Two  examples  are 
given  below. 


Inman  et  al.  (1966)  have  stated  that  D =•  0.015  cm  and  U2m  ~ ^ m/sec  (approxi- 
mate mean  annual  value)  in  coastal  sand  dunes  in  Baja  California,  Mexico.  From 
equation  (2.2)  we  find  that  K = 1.37  x 10“**  gm/cm/sec.  The  average  relationship 
between  and  U2ni  from  the  scarp  through  the  swale  environment  [l.e.,  average  of 
(4),  (5),  (6),  and  (7)  in  Fig.  10]  indicates  that  U*  - 0.07  U2m!  therefore,  U*  “ 

28  cm/sec.  Substituting  g (=  980  cm/sec^),  D (”  0.015  cm),  K,  and  U*  into  equation 
(2.1),  we  find  that  q = 0.053  gm/cm/sec.  The  annual  average  value  for  q measured 
by  Inman  et  al.  (1966)  is  0.049,  which  is  obtained  by  applying  a mean  annual 
velocity  of  dune  travel  (d)  of  5 cm/day,  bulk  density  of  the  dune  sand  (Pb)  of 
1.5  gm/cm^,  and  average  dune  height  (H)  of  6 meters  to  the  equation  formulated  by 
Bagnold  (1941,  p.  217): 


q 


d H 
t 


(2.6) 
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where  t is  the  time  of  travel  (in  this  case  t = 1 day  or  24  x 3600  sec). 

Finkel  (1959),  Lettau  (1967),  and  Lettau  and  Lettau  (1969),  among  others, 
studied  coastal  barchans  in  southern  Peru.  Pertinent  data  used  in  this  study  are 
based  on  these  publications:  d = 30  m/yr  (or  8.22  cm/ day),  D = 0.0314  cm,  U*  = 

28  cm/sec,  H = 3 m,  pj^  = 1.3  gm/cm^.  Applying  these  values  to  equations  (2.1)  and 
(2.6)  as  before,  we  have  qpredicted  = 0.039  gm/ cm/sec  and  qobserved  = 0.037  gm/cm/ 
sec.  It  is  evident  that  the  agreement  is  good.  From  these  two  examples  we  conclude 
that  the  method  and  procedure  developed  in  this  report  are  useful  for  estimating 
eolian  sand  transport,  not  only  for  natural  beaches  and  deserts  but  also  for  coastal 
sand  dunes . 


Measurement  of  the  Momentum  Flux  at  the  Air-Sea  Interface 

The  momentum  flux  (t),  heat  flux  (H) , and  evaporation  (E)  across  the  air-sea 
interface  can  be  computed  approximately  under  variable  stability  conditions  (Roll, 
1965,  p.  279).  They  are  essential  elements  in  energy  and  heat  budget  estimation 
for  a given  region  (see,  e.g.,  Kraus,  1972)  and  are  summarized  as  follows: 


T = p U^2 


(2.7) 


H = c p (0  _ 9 )/u  (2.8) 

p * sea  z z 

E = p U 2 (q  - q )/u  (2.9) 

* sea  z z 


where  p is  the  air  density,  Cp  is  the  specific  heat  at  constant  pressure,  6353  and 
qsea  ^he  potential  temperature  and  specific  humidity  at  the  sea  surface, 
respectively,  and  02  and  q2  are  corresponding  parameters  at  height  z. 

It  can  be  seen  from  equations  (2.7)  through  (2.9)  that,  if  we  know  the  value 
of  U„,  these  fluxes  can  be  computed.  Other  parameters  are  easier  to  obtain  from 
meteorological  records.  The  problem  now  reduces  to  parameterizing  U*.  A formula 
proposed  by  Hsu  (1974a)  accomplishes  this  task: 


; 
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= u 2 

H/c2  * 


(2.10) 


where  k is  the  von  Karman  constant  and  H and  C are  the  average  wave  height  and  phase 
velocity  (obtained  from  the  wave  period)  of  the  dominant  waves.  An  improved  nomo- 
gram for  equation  (2.10)  is  shown  in  Figure  11  (see  Hsu,  1976).  Note  that  equation 
(2.10)  has  been  further  verified  by  simultaneous  observations  of  wind,  wave,  and 
stability  parameters  from  the  North  Atlantic  Ocean,  Lake  Michigan,  and  the  Beaufort 
Sea.  For  more  detail  see  Hsu  (1974b;  1976).  However,  verification  of  equation 
(2.10)  in  other  regions  such  as  the  South  Atlantic  Ocean  is  lacking.  The  main  pur- 
pose of  the  measurement  program  in  the  offshore  region  of  the  study  area  (cf.  Fig.  5) 
was  to  fill  this  void.  The  following  sections  are  devoted  to  this  goal. 

The  field  experiment  to  measure  the  wind  stress  on  the  sea  surface  in  the 
coastal  waters  of  Brazil  was  conducted  in  June  1975  on  a Petrobras  offshore  platform, 
PG-3  (Fig.  12),  located  approximately  12  km  offshore  in  water  28  meters  deep  (cf. 
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Figure  11.  A nomograph  representing  equation  (2.10).  The  figure  gives  ai 
example  of  the  use  of  commonly  available  wind  (U2)  and  wave  (H  and  C) 
parameters  to  obtain  U*  (from  Hsu,  1976). 


Fig-  5).  The  main  instrument  used  foi  this  study  was  a portable  Thornthwaite  Wind 
Profile  Register  System  (C.  W.  Thornthwaite  Associates  Model  106).  Six-unit,  three- 
cup,  fast-response  anemometers  were  mounted  approximately  170,  190,  230,  310,  390, 
and  470  cm  above  the  mean  water  surface.  Care  was  taken  to  minimize  the  effects  of 
the  platform  (see,  e.g.,  Hicks  and  Dyer,  1970;  DeLeonibus,  1971).  In  particular, 
only  those  measurements  that  displayed  a consistent  logarithmic  profile  without  the 
platform  obstruction  were  used  in  this  study.  For  instrumentation  and  data  analysis, 
see  Hsu  (1972b). 

Curve  C in  Figure  13  shows  the  result  of  measurements  from  this  study.  The 
drag  coefficient  Cj  [=  (u*/!!^)^]  is  approximately  1,5  x 10”^.  Similar  experiments 
in  other  coastal  waters  under  different  wind  systems  are  included.  It  can  be  seen 
that  no  single  drag  coefficient  is  appropriate  for  all  coastal  environments  because 
U*  is  related  not  only  to  UiOm  but  also  to  atmospheric  stability  conditions  (Hsu, 
1974b),  wave  height  (H) , and  phase  velocity  (C)  of  the  dominant  waves  (Hsu,  1974a). 
Equation  (2.10)  or  Figure  11  was  thus  proposed  (Hsu,  1974a). 

Information  on  synoptic  meteorological  conditions  during  our  field  measurement 
period,  from  14  June  through  17  June,  was  kindly  provided  by  the  Brazilian  Air  Force 
Weather  Office  in  Recife.  An  example  is  shown  in  Figure  14.  Logarithmic  wind  pro- 
files were  obtained  from  3 p.m.  on  15  June  through  3 p.m.  on  16  June.  Weather  map 
series  indicated  that  the  frontal  system  had  passed  over  the  study  area  at  3 p.m. 
on  15  June  and  moved  to  the  northeast,  as  shown  in  Figure  14.  Therefore,  the  on- 
shore wind  had  been  blowing  for  approximately  20  hours.  From  tlie  wind  profile  data 
during  this  period  the  wind  speed  at  10  meters  was  extrapolated  and  was  found  to  be 
equal  to  about  9.3  m/sec.  This  value  was  in  agreement  with  the  ocean-going-ship 
observation  (approximately  30  km  southwest  of  PC-3,  as  indicated  in  Fig,  14)  of 
about  11  m/sec.  From  the  significant  wave  forecasting  method  (see  Bretschneider , 


Figure  12.  A photograph  of  the  Thornthwaite 
Wind  Profile  Register  System  on  an  offshore 
platform  (PG-3,  Petrobras).  Note  that  the 
working  catwalk  is  about  14  meters  above  the 

mean  water  surface. 
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1963)  the  significant  wave  height  is  found  to  be  1.9  meters  (or  H = 1.2  meters)  and 
wave  period  is  7.5  sec  (or  C = 11.7  m/sec).  Utilizing  values  of  H,  C,  and  Uxom» 
is  estimated  from  Figure  11  that  U*  = 34  cm/sec.  This  value  is  in  good  agreement 
with  the  observed  U*  value  of  36  cm/sec  derived  from  curve  C in  Figure  13.  The 
acoustic  radar  observation  in  the  study  area  near  Aracaju  indicates  that  during  this 
period  very  weak,  unstable  conditions  prevailed  in  the  atmosphere.  These  results 
are  shown  in  Figure  15.  In  other  words.  Figure  11  or  equation  (2.10)  has  been  fur- 
ther verified  by  our  observations  from  the  study  area.  Other  verifications,  shown 
in  Figure  15,  have  been  reported  (Hsu,  1976). 


Figure  13.  Measurements  of  U*  as  a function  of  UiOm  over  the  coastal  water  under 
southeastern  trade  wind  effects  in  the  shallow  water  near  Aracaju,  northeastern 
Brazil  (curve  C) . For  comparison,  curve  A was  based  on  experiment  performed  under 
diurnal  sea  breeze  conditions  (limited  duration  and  fetch)  near  Fort  Walton,  Florida 
(Hsu,  1972b);  B,  under  migratory  storm  conditions  (variable  duration  and  fetch)  near 
Point  Lay,  on  the  Alaskan  Arctic  coast  (Walters,  1975);  D,  under  relatively  persis- 
tent onshore  winds  caused  by  the  Bermuda  high-pressure  system  in  Camlnada  Bay, 
Louisiana  (longer  duration  and  shorter  fetch)  (Kjerfve,  1973);  E,  under  northeastern 
trade  wind  effects  (unlimited  duration  and  somewhat  limited  fetch)  in  leeward 
coastal  waters  in  Barbados,  West  Indies  (Hsu,  1975);  and  F,  under  trade  wind  effects 
In  a windward  lagoonal  environment  (unlimited  duration  but  limited  fetch)  in 
Barbados  (Hsu,  1975).  Note  that  the  same  type  of  instrument,  (i.e.,  C.  W.  Thorn- 
thwalte  Wind  Profile  Register  System)  and  instrumentation  setups  were  used  in  all 
experiments  (see  Hsu,  1972b). 
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Figure  14.  The  synoptic  meteorological  condition  during  the  offshore 
experiment.  ITCZ  represents  the  intertropical  convergence  zone.  The 
initials  CSI  stand  for  the  Coastal  Studies  Institute  experimental 
location  (cf.  Fig.  5). 
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Measured  shear  velocity,  U*,  in  m/sec 


Figure  15.  Verification  of  equation  (2.10)  or  Figure  11  from  available  studies 
by  Banke  and  Smith  (1971)  in  the  Beaufort  Sea,  by  Davidson  (1970)  in  Lake 
Michigan,  by  DeLeonibus  (1971)  and  DeLeonibus  et  al.  (1974)  in  the  Atlantic  Ocean, 
and  by  Hsu  (cf.  Fig.  13,  curve  C)  in  the  shallow  water  near  Aracaju,  on  the 
northeastern  coast  of  Brazil. 


III.  COASTAL  OCEANOGRAPHY 


Introduction 


Coastal  oceanography  concerns  those  hydrodynamic  processes  occurring  near  the 
shoreline  that  are  either  input  from  the  deep  oceans,  i.e. , tides  and  waves,  or  have 
their  origin  in  shallow  water,  i.e.,  breakers,  surf  zone  currents,  and  lagoon  cir- 
culation. This  section  will  describe  the  coastal  oceanographic  conditions  of  the 
study  area.  Attention  is  focused  upon  three  topics:  sea  level,  waves,  and  near- 
shore processes. 


Sea  Level 

Sea  level  is  an  important  datum  for  coastal  processes  because  it  determines  the 
position  on  the  shoreline  of  the  surf  zone  processes  and  the  final  gradient  of 
rivers  and  estuaries  and  because  changes  in  sea  level  are  correlated  with  current 
systems  affecting  the  whole  continental  shelf.  In  estuaries  and  lagoons  these  sea 
level  changes  can  result  in  mixing  and  changes  in  water  mass  properties. 

The  sea  level  datum  is  controlled  by  several  processes,  ranging  from  tides  and 
wind  set-up  to  atmospheric  and  oceanographic  pressure  systems.  Of  these  processes, 
tides  are  usually  the  most  significant  factor.  However,  wind  stress  can  cause  set- 
up and  draw-down  near  shore,  which  can  occasionally  produce  larger  sea  level  varia- 
tions than  tides.  These  wind  effects  are  amplified  on  broad,  flat,  shallow  shelves. 

Sea  level  variations  were  observed  at  two  points  along  the  northeast  coast 
during  the  study.  One  gage  was  located  at  the  entrance  to  the  Suape  Lagoon  complex 
(see  Fig.  6)  and  the  other  was  located  in  28  meters  of  water  on  platform  PG-3A, 
offshore  of  Aracaju  (see  Fig.  5).  The  data  from  Aracaju  are  shown  in  Figure  16. 

The  sea  level  variation  shows  the  overwhelming  dominance  of  the  semidiurnal  astro- 
nomical tide.  Shown  on  the  figure  are  the  times  of  high  and  low  water,  taken  from 
the  tide  tables  for  Aracaju  (U.S.  Department  of  Commerce,  1975).  The  predictions 
are  within  20  min  of  the  observations;  our  time  base  was  approximately  the  same. 

Tide  levels  showed  good  agreement  with  tide  height  tables,  to  within  about  6 cm.  A 
front  that  moved  into  the  area  on  15  June  proc  d winds  of  about  10  m/sec.  These 
conditions  prevailed  for  several  days,  but  no  major  wind  effect  was  noted  in  the 
offshore  tide  record  as  a result  of  the  storm. 

The  sea  level  data  from  Suape  are  shown  in  Figure  17.  Again,  the  dominance  of 
the  astronomical  tides  is  obvious.  Winds  were  light  during  the  measurement  period. 
Comparison  with  tide  table  predictions  shows  good  agreement.  For  the  period  of  the 
data  the  discrepancy  in  times  of  high  and  low  water  between  observations  and  the 
tables  averaged  18  min.  The  discrepancy  in  heights  averaged  8 cm.  These  discrep- 
ancies were  within  our  error  in  time  and  slightly  greater  than  the  error  in  height. 
At  Suape,  sea  level  variations  controlled  the  flow  of  water  into  tlie  lagoon  complex 
and  the  amount  of  wave  action  reaching  into  the  lagoon  from  the  ocean.  These  fac- 
tors are  considered  in  the  section  on  nearshore  processes. 
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Figure  16.  Segment  of  sea  level  record  taken  at  Aracaju  and  times  of  predicted  low 
tide  (LW)  and  high  tide  (HW) . 


Since  the  tide  tables  have  apparently  predicted  well  the  sea  level  variations 
at  two  widely  separated  points  along  the  coast,  they  can  be  used  to  consider  the 
regional  variation  in  tides. 

The  time  of  high  tide  increases  southward  and  northward  from  Recife.  These 
time  differences  are  given  in  Table  U.  The  table  indicates  that  there  is  a general 
trend  for  points  farther  west  of  Recife  to  have  a proportionally  later  time  of  high 
tide.  The  exception  to  this  trend  is  Salvador,  where  high  tide  occurs  2 min  earlier 
than  the  high  tide  at  Recife.  Tidal  heights  are  slightly  larger  to  the  north  of 
Recife  and  smaller  to  the  south.  The  mean  range  at  Recife  is  1.62  meters,  but  to 
the  north,  at  Tambau,  the  mean  range  is  1.83  meters.  To  the  south  the  mean  ranges 
are  1.55  meters  at  Macelo  and  1.43  meters  at  Aracaju.  Again  Salvador,  having  a mean 
range  of  1.68  meters,  is  an  exception  to  this  trend. 

Recent  research  on  ocean  tides  (Hendershott,  1973)  indicates  that  tides  in  the 
South  Atlantic  are  poorly  understood.  The  existence  of  an  amphidiomic  point  in  the 
South  Atlantic  is  still  uncertain.  The  tide  system  throughout  the  South  Atlantic, 
as  determined  from  stations  along  South  American  and  African  coasts  by  Dietrich 
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Figure  17.  Segment  of  sea  level  record  from  Suape  and  times  of  current  measure- 
ments (squares)  and  wave  measurements  (dots)  in  Suape  lagoon. 


(1944),  indicates  a northward-propagating  M2  tide  having  co-tidal  lines  roughly 
parallel  to  lines  of  latitude.  In  this  system  the  times  of  high  tide  along  the 
northeast  coast  of  Brazil  should  increase  everywhere  to  the  north.  There  is  an 
apparent  reversal  of  this  trend  between  Aracaju  and  Recife. 


Waves 


The  wave  climate  of  the  South  Atlantic  is  poorly  known  because  of  the  lack  of 
direct  observations  of  wave  heights.  Until  such  a time  as  more  data  are  available, 
we  must  rely  primarily  upon  hindcasting  and  visual  observations  for  the  information 
upon  which  to  base  conclusions  about  the  offshore  wave  field,  which  must  be  tenta- 
tive, especially  regarding  severe  conditions,  because  these  times  are  likely  to  be 
the  least  well  represented  in  the  data. 

Annual  wave  statistics  for  the  northeast  coast  of  Brazil  are  shown  in  Figure 
18.  Three  sets  of  data  are  shown.  The  lines  indicate  the  probability  of  exceeding 
a wave  of  a given  height.  These  data  Include  the  reports  of  visual  observations 
(Hogben  and  lumb,  1967),  a 1-year  record  at  Aracaju  (Petrobras) , and  data  presented 
by  Russell  (1969).  The  three  sets  of  curves  show  that  wave  heights  average  between 
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Table  4 


High  Tide 


Location 


Time  Difference  on  Recife  West  Longitude 

(minutes) 


Macau,  Acu  River 

+89 

36°41' 

Natal 

+28 

35°12' 

Cabedelo 

+36 

34‘’50' 

T.ambau 

- 4 

34‘’50’ 

Recife 

0 

34052' 

Maceio 

+ 10 

350431 

Rio  Sao  Francisco 

+ 6 

36°24' 

Aracaju 

+ 33 

37°03' 

Porto  Du  Salvador 

- 2 

38°31' 

0.75  and  1.25  meters.  This  value  is  slightly  greater  than  that  of  Southern  Cali- 
fornia or  the  Atlantic  coast  of  the  II. S.  and  higlier  than  the  average  along  the  U.S. 
Gulf  Coast.  However,  at  lower  probabilities  the  wave  climate  in  Brazil  has  lower 
wave  heights  th.in  either  the  East  Coast  of  the  United  States  or  the  Gulf  of  Mexico, 
as  Indicateil  in  Table  5. 

Thus,  although  the  average  wave  height  is  large  in  Brazil,  extreme  wave  heights 
are  indicated  to  be  relatively  Infrequent. 

The  concept  of  a high-  and  low-energy  coastal  environment  has  been  employed  for 
several  decades  to  describe  the  general  characteristics  of  coastal  wave  action. 

These  data  indicate  that  a quantitative  definition  of  wave  energy  level  along  a 
coast  might  make  distinction  between  extreme  wave  height  (say,  at  the  1 percent 
level)  and  average  wave  height  (50  percent).  Because  the  wave  climate  probability 
curve  is  roughly  exponential,  these  two  points  would  determine  the  probability  line 
so  that  other  probabilities  could  be  determined. 

The  variability  of  wave  action  over  a short  period  of  time  (a  few  days  or  less) 
Is  also  .in  important  consideration  in  characterizing  the  coastal  sea  state.  Mea- 
surements of  wave  spectra  were  nuide  at  the  offshore  station  to  determine  these 
characteristics.  In  Figure  19  the  wave  spectra  measured  at  0800  on  14  June  .and  17 
June  show  major  effects  of  swell  and  wind  waves  on  the  wave  characteristics. 

The  spectrum  from  14  June  (lower  curve)  shows  two  well-defined  peaks,  one  at  a 
radial  frequency  of  0.5  rad/sec  (frequency  of  0.0796  Hz)  and  another  at  a frequency 
of  0.8  rad/sec  (frequency  of  0.127  Hz).  The  low-frequency  peak  is  produced  by  swell 
in  the  South  Atlantic. 

Swell  cllimite  for  this  coastal  location  is  difficult  to  predict  because  the 
effective  source  area  for  the  northeast  coast  is  the  whole  South  Atlantic.  However, 
swell  can  be  a major  source  of  wave  action  for  the  northeast  coast  in  the  winter 
months.  Swell  waves  are  not  easily  identified  througli  visual  measurements,  and 
correct  resolution  requires  wave  staff  measurements. 
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Table  5 


Wave  Heights  for  Various  Locations  for  Two  Probability  Levels 


Location 

Have  (50%) 

H (1%) 

Southern  California 

0.75  m 

3 m 

Brazil 

1.0  m 

3 m 

Washington 

1. 75  m 

5 m 

Louisiana 

0.75  ra 

3.5  m 

Cape  Hatteras 

0.75  m 

4.5  m 

Have  “ average  wave  height 
H (1%)  = wave  height  exceeded  by  1%  of  waves 


i 

I 

The  spectrum  for  17  June  (upper  curve.  Fig,  19)  shows  the  effect  of  high  local 
winds.  The  wind  wave  peak  increased  in  energy  by  a factor  of  10,  and  the  peak 
period  increased  to  about  9 sec  (frequency  of  0.11  Hz).  The  swell  is  now  almost 
obscured  in  the  spectrum  but  can  be  discerned  as  a slight  peak  at  low  frequency. 

The  wind  wave  spectrum  was  not  well  reproduced  by  the  P.M.  spectrum  (Pierson  and 
Moskowitz,  1964)  for  the  appropriate  wind  speed  (9.0  m/sec).  The  measured  sig- 
nificant wave  height  was  1.41  meters,  but  the  P.M.  spectrum  would  predict  1.72 
meters. 

Statistical  properties  of  the  wave  conditions  during  each  of  the  times  of 
measurement  were  also  considered.  For  example,  the  distribution  of  wave  heights 
during  the  measurement  made  on  17  June  is  shown  in  Figure  20.  It  shows  the  proba- 
bility of  exceeding  a given  wave  height.  The  critical  observed  wave  heights  are 
given  in  Table  6. 

Based  upon  the  observed  243  waves  and  an  average  wave  height  of  95  cm,  the 
theoretical  Rayleigh  distribution  is  also  shown  in  Figure  20.  The  Rayleigh  distri- 
bution is  a good  approximate  fit  to  the  observed  distribution.  At  low  values  of 
probability  (i.e.,  1 percent)  the  Rayleigh  distribution  predicts  a higher  wave 
height  than  the  observed  data  suggest. 


Nearshore  Processes 

Nearshore  processes  involve  the  action  of  waves  in  shallow  water,  surf  zone 
processes,  and  wave- induced  water  circulation  and  sediment  transport.  Understanding 
of  nearshore  processes  is  of  prime  importance  in  describing  the  coastal  processes  of 
the  region  because  it  is  in  these  processes  that  waves,  currents,  and  sediment 
transport  are  most  intense  and  interactions  are  strongest.  Detailed  studies  are 
described  in  this  section.  These  studies  include  the  longshore  variation  of  infra- 
gravity  waves  within  the  surf  zone,  the  effect  of  offshore  reefs  on  wave  action,  and 
the  circulation  behind  a stone  reef. 

Infragravity  waves  are  surface  waves  whose  frequencies  lie  between  0.1  and  2 
cycles  per  minute  (cpm) , i.e.,  they  have  periods  between  10  min  and  30  sec.  The 
general  characteristics  of  these  waves  in  the  nearshore  zone  appear  to  be,  from  the 
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Table  6 


Observed  Wave  Conditions  at  0800  on  17  June 


Have 

= 95  cm 

Hrras 

= 105 

cm 

Hs 

= 141 

cm 

Hl/10 

= 227 

cm 

U 

max 

= 238 

cm 

where  is  the  average  wave  height,  Hj-nis  the  root  mean  square  wave  height,  Hg 

is  the  significant  wave  height,  is  the  10th  highest  wave,  and  Hniax  Is  the 

highest  wave. 


little  data  available,  fundamentally  different  from  those  of  wind  waves  and  swell. 
They  are  apparently  highly  reflective  from  natural  beaches  and,  because  of  their 
relatively  low  amplitudes,  occupy  a spectral  valley  between  higher  frequency  wind 
waves  and  lower  frequency  tides.  These  unique  characteristics  of  infragravity  waves 
require  data  collection,  analysis,  and  interpretation  techniques  different  from 
those  used  for  wind  waves  and  swell.  This  study  reports  both  the  results  and  the 
techniques  of  an  investigation  of  infragravity  waves  on  a natural  beach. 

Energy  enters  the  infragravity  wave  region  of  the  spectrum  from  a number  of 
sources,  including  submarine  earthquakes  and  volcanic  action,  storm  systems,  actions 
of  wind  on  pack  ice,  and  nonlinear  interactions  of  wind  waves  and  swell  (Munk,  1951; 
Hunklns,  1962;  Munk,  1962).  Energy  in  this  frequency  range  is  generally  quite  low, 
having  an  average  root  mean  square  (rms)  amplitude  of  about  1 cm,  but  may  peak 
sharply  during  transient  events.  Surf  beat  (Munk,  1949;  Tucker,  1950)  and  high- 
frequency  tsunamis  are  examples  of  infragravity  waves  whose  amplitudes  are  charac- 
teristically 10  to  100  times  larger  than  mean  conditions.  Because  of  their  long 
wavelengths,  infragravity  waves  are  highly  interactive  with  bathymetry.  A wave 
having  a period  of  2 min  has  a deepwater  wavelength  of  22,5  km  and  is  a shallow- 
water  wave  over  the  entire  continental  shelf.  The  combination  of  long  wavelengths 
and  low  amplitudes  implies  low  steepnesses  (on  the  order  of  10“^)  that  ensure  high 
reflectivity  from  natural  beaches  and  produce  standing  waves  near  shore. 

Recent  studies  have  indicated  that  long-period  waves  (periods  between  30  sec 
and  10  min)  affect  nearshore  circulation  (Sonu,  1972a)  and  swash  processes  (Waddell, 
1973).  Also,  long-period  standing  waves  have  been  indicated  to  be  an  important 
mechanism  in  forming  beach  cusps  and  longshore  bars  (Sonu,  1972b;  Bowen  and  Inman, 
1971).  Surf  beats  are  large-amplitude  infragravity  waves  generated  by  shoaling 
waves  (Munk,  1949;  Tucker,  1950;  Hasselmann  et  al, , 1963;  Suhayda,  1974a)  and 
appear  to  be  reflected  from  beaches,  so  that  a standing  wave  is  produced  near  shore 
(Suhayda,  1972,  1974b).  However,  two  different  types  of  standing  waves  can  occur, 
and  no  systematic  study  of  the  spatial  variation  of  surf  beat  or  the  induced 
velocity  field  has  been  made  to  resolve  this  point.  The  velocity  field  is  an  impor- 
tant consideration  because  it  is  the  critical  factor  that  controls  sediment  movement. 
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Investigation  of  this  phenomenon  requires  field  measurements  of  nearshore  wave 
heights  and  velocities  in  sufficient  detail  to  resolve  beat  wave  contributions. 

Wave  instruments  were  deployed  at  the  Plantation  beach  site  (Fig.  5).  Repeated 
surveys  revealed  that  on  20  June  a bar  was  beginning  to  develop.  Instruments  were 
then  deployed  on  21  June  in  a line  running  offshore  (see  Fig.  40).  The  results  of 
the  data  taken  are  shown  in  Figure  21;  they  indicate  that  well-developed  standing 
surf  beat  waves  occurred.  The  phase  difference  between  sensors  showed  the  rapid 
change  from  in  phase  (0°)  to  out  of  phase  (-ti)  over  a narrow  frequency  band,  a 
characteristic  of  standing  waves  (Suhayda,  1974).  On  the  following  day,  the  instru- 
ments were  deployed  alongshore  (see  Fig.  41)  at  separations  of  20  and  50  meters. 

The  results  are  shown  in  Figure  22.  The  data  show  no  rapid  alongshore  phase  varia- 
tion that  would  indicate  edge  wave  modes.  On  the  next  day  the  instruments  were 
again  placed  along  shore  at  distances  of  100  and  200  meters  (see  Fig.  41).  Still 
no  alongshore  variation  was  observed,  as  shown  in  Figure  23. 

Edge  wave  wavelengths  (Le)  on  a plane  beach  are  given  for  various  modes  N by 
(Ursell,  1952): 

Le  = ^2^  sin  (2N  + 1)  B 


where  g is  the  acceleration  of  gravity,  o (=  2Trf)  is  the  radial  frequency,  f is  the 
frequency  in  cycles/sec,  and  B is  the  slope  of  the  beach.  Using  the  slope  of  the 
Aracaju  beach  (B  = 0.015),  the  spacing  of  the  modes  of  standing  edge  waves  is  given 
in  Table  7.  The  spacing  of  the  modes  of  the  standing  wave  is  one  half  an  edge  wave 
wavelength,  or  Le/2.  The  spacing  varies  from  465  meters  for  the  zero  mode  at  a 
frequency  of  0.005  to  12.8  meters  for  the  zero  mode  at  a frequency  of  0.03  Hz.  Thus 
measurements  with  a spacing  of  up  to  200  meters  would  have  shown  the  presence  of 
standing  edge  waves  over  the  range  of  frequencies  from  0.007  to  0.030  Hz. 

Close  inspection  of  the  phase  difference  between  measurements  made  along  shore 
indicates  a slightly  Increasing  phase  difference  with  frequency.  This  increase  is 
possibly  due  to  long-crested,  low-frequency  surf-beat  waves  approaching  the  shore- 
line at  a slight  angle  so  that  a phase  difference  between  points  along  shore  is 
produced.  Assuming  a phase  speed  of  about  2 m/sec,  the  measured  phase  differences 
imply  an  Incidence  angle  of  about  10°  to  normal  to  the  beach. 

This  test  for  the  presence  of  edge  waves  was  important  because  the  assumed 
presence  of  these  waves  has  been  used  to  explain  the  generation  of  rip  currents  and 
crescentic  bars  along  beaches.  This  test  indicates  that  there  may  be  other  mecha- 
nisms that  can  generate  these  features. 

The  presence  of  the  stone  reefs  along  much  of  the  northeast  coast  causes  waves 
to  break  at  a distance  from  the  shoreline.  This  filtering  action  causes  wave  height 
and  period  to  be  greatly  modified  from  deepwater  values.  Most  of  the  data  available 
in  the  scientific  literature  on  this  effect  is  from  laboratory  studies.  One  of  the 
objectives  of  this  study  was  to  measure  the  waves  inshore  of  a stone  reef  to  quan- 
tify this  filtering  effect. 

The  measurements  were  made  Inshore  of  a break  or  depression  in  the  stone  reef 
at  Suape  (see  Fig.  6).  Measurements  of  waves  near  the  shoreline  are  shown  in  Fig- 
ures 24  and  25.  The  data  indicate  that  waves  within  the  lagoon  were  highly  reflec- 
ted by  the  steep  lagoon  beach  and  that  longer  period  components  formed  standing 
components . 
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Figure  22.  Coherence  and  phase  differences  between  three  infra- 
gravity wave  records  at  Aracaju  taken  at  separations  of  20  meters 
and  50  meters  alongshore. 
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Table  7 


Spacing  of  Nodes  for  Edge  Waves 
meters) 


Frequency  01  23  4 5 

(Hz) 


0.005 

465 

0.007 

238 

0.01 

117 

351 

0.015 

52 

156 

260 

0.02 

29.  3 

88 

146 

203 

0.025 

18.7 

56 

93 

130 

0.030 

12.8 

38 

64 

88 

Tlie  wave  height  at  the  beach  as  a function  of  tide  level  varied  greatly  (Fig. 
25).  At  a tide  datum  of  1.1  meters  (water  level  even  with  the  top  of  the  stone  reef 
at  the  break),  lagoon  wave  height  was  7 cm.  At  a tide  level  of  1.4  meters  (or 
0.3  meter  higher),  wave  height  increased  to  28  cm.  At  a tide  level  of  2.0  meters 
(or  0.9  meter  higher  than  the  first  point),  the  wave  height  increased  to  56  cm.  For 
an  offshore  (near  breaking)  wave  height  of  1 meter,  these  results  indicate  good 
agreement  with  laboratory  measurements  of  waves  crossing  a submerged  barrier 
(Nakamura  et  al. , 1966).  The  reef  crest  width  to  wavelength  ratio  was  about  0.5. 

The  fairly  abrupt  seaward  face  of  the  stone  reefs  (see  Fig.  50)  presents  a 
strong  slope  break  from  which  wave  reflection  can  take  place.  The  transmission 
coefficient  T can  be  defined  as 


T = 1 - R 


where  R is  the  reflection  coefficient.  For  submerged  reefs  where  hj  is  the  water 
depth  over  the  reef  and  h2  is  the  water  depth  seaward  of  the  reef  (therefore  the 
height  of  the  reef  is 
(Kajiura,  1963): 


^2  - hj^) , the  transmission  coefficient  can  be  estimated  from 


T = 


2(h^/h2)'=' 

1 + (hj^/hp*^ 


h2. 


In  Table  8 the  transmission  coefficient  is  given  for  various  ratios  of  h]^  to 


Thus,  for  the  offshore  reefs  having  a ratio  on  the  order  of  0.25-0.5  (hj^  = 

1-2  m,  h2  = 4 m) , the  reef  could  cause  a reduction  in  wave  height  to  about  three- 
fourths  of  the  offshore  value  owing  to  the  reflection  process.  The  actual  filtering 
of  waves  by  the  reef  would  therefore  be  a combined  effect  of  partial  reflections  and 
wave  breaking  on  the  reef  crest.  Both  processes  are  dependent  upon  the  depth  of 
water  over  the  reef  crest. 
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RADIAL  FREQUENCY,  RAD/SEC 

Figure  24.  Measured  wave  spectra  at  two  positions  within 
the  Suape  lagoon. 


The  presence  of  an  impermeable  offshore  barrier  such  as  beach  rock  in  the 
vicinity  of  Suape,  south  of  Cabo  de  Santo  Agostinho,  has  a dominant  influence  on 
back-barrier  lagoonal  circulation.  The  barrier-lagoon  system  at  Suape  terminates  to 
the  south  as  the  linear  beach-rock  exposure  intersects  land  in  the  vicinity  of  the 
small  village  of  Cupe.  At  the  northern  end  there  is  a channel  approximately  400 
meters  wide  between  the  beach  rock  and  the  granitic  cliffs  of  Cabo  de  Santo  Agostinho 
One  other  small  break  in  the  beach-rock  exposure  occurs,  at  about  the  midway  point. 
Elevation  of  the  barrier  is  such  that  it  is  submerged  at  high  tide  and  is  recog- 
nizable only  by  a line  of  breaking  waves;  shelf  water  is  readily  transported  across 
the  barrier  into  the  lagoon  by  the  process  of  wave  breaking  as  well  as  by  gravity- 
driven  flow  owing  to  the  hydraulic  head  difference  between  the  rising  tide  level 
outside  the  barrier  and  the  lagging  water  level  of  the  lagoon.  This  difference  in 
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RADIAL  FREQUENCY,  RAD/SEC 


Figure  25.  Measurements  of  wave  spectra  in  Suape  lagoon  at 
three  stages  of  the  tide  (1.1  meters,  1.4  meters,  and  2.0  meters). 
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Table  8 


Transmission  Coefficient  for  Submerged  Reef 


hj^/h2 

T 

0.05 

0.36 

0.1 

0.48 

0.2 

0.62 

0.3 

0.71 

0.4 

0.77 

0.5 

0.82 

1.0 

1.0 

water  level  is  intensified  by  an  additional  elevation  of  the  water  surface  on  the 
shelf  side  owing  to  set-up  of  waves  against  the  impermeable  barrier.  Figure  26 
illustrates  the  system  under  rising  tide  conditions.  Note  the  foam  lineations  as 
they  move  away  from  the  barrier  and  into  the  lagoon.  The  foam  line  on  the  lagoon 
side  of  the  barrier  denotes  a density  Interface  between  brackish  lagoon  water  and 
the  intruding  normal-salinity  shelf  water.  Because  the  northeast  coast  of  Brazil 
has  a semidiurnal  tide,  the  lagoonal  water  surface  is  elevated  and  depressed  through 
about  a 2.2-meter  range  twice  dally.  Therefore,  the  back-barrier  lagoon  is  filled 
and  drained  over  a 12-hour  period  twice  each  day. 

As  the  water  level  outside  the  barrier  drops  below  the  point  at  which  waves  can 
transport  significant  amounts  of  water  into  the  lagoon,  the  impounded  lagoonal  water 
flows  northward  toward  the  channel  adjacent  to  Cabo  de  Santo  Agostinho.  In  order  to 
study  this  circulation  system,  the  spatial  or  Lagraugian  characteristics  of  the 
current  field  were  monitored  with  the  uid  of  drifting  drogues,  which  were  tracked 
from  the  shoreline  by  theodolites.  The  two  shore-based  theodolite  stations,  as  well 
as  the  boat  from  which  the  drogues  were  deployed,  were  kept  in  constant  radio  con- 
tact to  assure  drogue  identification  and  synchronization  for  position  fixes. 

Figure  17  shows  the  tide  record  for  25-29  June  1975,  which  spans  the  time 
period  of  drogue  and  other  experiments  run  in  the  Suape  area.  Three  drogue  experi- 
ments were  conducted  on  26  June:  one  on  falling  tide  near  the  low-tide  part  of  the 
cycle  and  two  on  rising  tide.  Of  the  latter,  one  was  run  near  the  low-tide  level 
and  one  was  run  near  high  tide.  Figures  27  to  30  summarize  results  from  the  drogue 
studies.  Drogues  used  in  these  experiments  consisted  of  crossed  PVC  panels  (0.3  m x 
0.6  m) . Because  of  the  shallow  nature  of  the  lagoon,  drogues  were  deployed  at  a 
depth  of  1 meter. 

In  the  falling  tide  experiment  four  drogues  were  deployed  in  the  southeastern 
part  of  the  largest  lagoonal  area  near  the  beach-rock  barrier  (Fig.  27).  They  were 
placed  in  the  channel  that  occurs  In  the  lee  of  the  barrier  along  its  entire  length 
and  were  tracked  until  they  reached  the  channel  at  the  northern  end  of  the  beach 
rock.  Figure  27  illustrates  the  nearly  unidirectional  paths  taken  by  all  four 
drogues  as  they  were  transported  northward  along  the  beach-rock  trend.  The  average 
speeds  of  the  four  trajectories  range  from  67  cm/scc  to  55  cm/sec.  A maximum 
velocity  of  77  cm/sec  was  recorded  for  part  of  the  trajectory  of  drogue  B. 


Figure  Zb.  ScawaVer  into  Ltie  Suape  back- 

barrier  Lagoon  through  a small  t ulai  channel  in  the 
barrier  trend  during  rising  tide.  Also  note  wave 
overwash,  as  indicated  by  the  linear  loam  lines. 

Foam  Lino  in  the  lagoon  denotes  a density  interlace 
between  normal  saline  shell  water  and  hrackisli  l.igoon 
wa  ter. 


ihe  second  drogvie  experiment  was  run  during  early  flood  tide  as  the  water  level 
of  the  l.igoon  was  st.irting  to  rise.  Only  two  drogues  were  tracked  during  this  inves- 
tigation. Kssent  i .1 1 1 y , the  s.ime  un  id  i rec  t ion.i  1 trend  of  flow  to  the  north  along  the 
barrier  existed  at  this  time  (Fig.  JSl . Velocities  for  the  two  drogues,  averaged 
over  the  trajectories,  were  5A  cm/sec  and  41  im/sec.  I'he  velocity  variation  in  these 
two  drogues  is  .ipparently  rel.ited  to  their  slightly  different  positions  in  the  ebb 
ch.innel  behind  the  barrier.  Drogue  11,  the  slower  drogue,  was  temporarily  slowed  by 
an  unusual  exposure  of  be.ich  rock  in  the  ebb  flowing  cliannel.  i'he  mtiximum  velocity 
recorded  by  either  drogue  between  consecutive  position  fixes  was  b2  cm/sec.  Both 
average  and  maximum  velocities  in  this  rising-tide  experiment  were  lower  than  those 
recorded  during  falling  tide. 


Approx Imate  1 V I hours  .after  the  rising-tide  experiment,  the  results  of  which  are 
shown  in  Figure  24,  ebb  flow  had  ceased  and  tliere  was  a very  strong  input  of  shelf 
water  to  the  lagoon  through  the  channel  at  the  northern  end  of  the  beach  rock.  Three 
drogues  were  placed  in  tlie  back-harrier  channel  to  determine  whether  it  functioned  as 
a major  conduit  for  incoming  water  during  the  flood  portion  of  the  tidal  cycle. 

Figure  2‘)  shows  the  results  of  the  late-f lood-t ide  experiment.  All  drogues  moved 
southward  into  the  lagoon  from  tlie  channel  mouth.  Only  drogue  A followed  the  back- 
barrier  channel.  Approximately  halfway  through  the  experiment  this  drogue  apparently 
met  an  opposing  flow  that  turned  it  toward  the  lagoon  Interior,  possibly  in  response 
to  water  moving  across  the  beach  rock  as  the  tide  continued  to  rise.  The  other  two 
drogues  followed  an  arcuate  pattern  from  the  channel  mouth  to  the  interior  of  the 
l.igoon.  Flow  velocities  were  as  high  as  51  cm/sec  at  the  beginning  of  these  tra- 
jectories. However,  the  velocities  dropped  below  10  cm/sec  at  tlie  end  of  trajectory 
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Figure  27.  Failing-tide  drogue  experiment  (see  Fig.  17  for  time  of  experiment 
with  regard  to  the  tidal  cycleK 
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Figure  29.  Late-f lood-tide  drogue  exiieriment  (see  Fig.  17  for  time  of 
experiment  with  regard  to  the  tidal  cycle) . 


B,  for  example.  Average  velocities  during  this  experiment  ranged  from  28  to  34 
cm/sec,  values  that  are  considerably  lower  than  those  recorded  during  the  other  two 
experiments . 


The  ebb-dominated  circulation  system  indicated  by  the  preceding  drogue  experi- 
ments is  verified  on  the  scale  of  the  entire  lagoon  by  a representation  of  major  bed- 
form  distribution.  Figure  30  was  compiled  both  from  analysis  of  air  photos  and  from 
selected  fathometer  profiles.  Two  types  of  bed  forms  are  plotted:  megaripples, 
which  have  a relief  of  <0.5  meter  and  a wavelength  in  the  range  of  1-6  meters,  and 
sand  waves,  which  have  a relief  of  >0.5  meters  and  wavelengths  >6  meters  and  usually 
in  the  range  of  tens  of  meters.  Bed-form  distribution  illustrates  the  ebb-dominated 
flow  (flow  to  north)  in  the  system.  Most  sand  waves  are  oriented  toward  the  channel 
at  the  northern  end  of  the  barrier,  the  only  effective  exit  point  for  impounded  water 
as  the  tide  level  on  the  outside  of  the  lagoon  drops  below  the  level  of  the  beach 
rock.  Bed  forms  directed  up  river  are  apparently  in  response  to  rapid  saltwater 
tidal  flooding  during  rising  tide. 
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IV. 


GEOMORPHOLOGY 


Introduction 


The  coastal  geomorphology  of  northeast  Brazil  is  dominated  to  a great  extent  by 
the  presence  of  lithified  beaches  and  barriers  now  stranded  at  various  distances 
offshore.  Fortaleza  (3°43'S)  is  the  northern  limit  of  occurrence  for  these  features, 
which  extend  south  to  about  Abrolhos  (16°30'S)  (Fig.  31).  A major  interruption  in 
this  trend  occurs  as  a stretch  of  coastline  extending  from  the  Sao  Francisco  River 
south  to  near  Salvador.  In  this  central  portion,  between  about  10°  and  11°30'S, 
sediments  from  the  Sao  Francisco,  Sergipe,  Vasa  Barris,  and  Itopicura  Rivers  have 
built  a coastal  beach-ridge  plain  averaging  10  km  in  width. 

In  general  terms,  the  moderately  dissected  Tertiary  plain  along  the  coast  has 
been  drowned  by  the  Recent  Transgression  (Fig.  32).  The  central  portion  of  the  coast 
has  experienced  a recent  history  of  progradation,  as  evidenced  by  the  successive 
beach-ridge  accumulations  that  resulted  in  the  wide  accretional  coastal  plain. 
Elsewhere,  an  initial  stage  of  progradation,  followed  by  beach-rock  development  and 
retreat,  is  evident  from  the  numerous  beach-rock  bands  now  stranded  offshore. 

Although  an  abundant  sediment  supply  and  constant  wave  energy  characterize  this  coast 
as  a wave-built  depositional  feature,  the  numerous  offshore  beach-rock  obstructions 
function  as  modifiers  of  coastal  processes;  as  a result,  coastal  sediments  have  been 
redistributed  and  the  modern  shoreline  has  been  readjusted.  These  lithified  beaches 
and  barriers  occur  intermittently  and  approximately  parallel  to  the  coast,  and  many 
protected  ports  and  harbors  have  been  created. 

In  response  to  persistent  southeast  winds  and  waves,  the  availability  of  sedi- 
ment, and/or  the  occurrence  of  beach  rock,  either  parallel  beach  ridges  or  a complex 
crenulated  coast  has  developed.  Transgressive  dune  fields  commonly  cap  the  beach- 
ridge  plain,  forming  extensive  sand  sheets  where  sediment  is  abundant  (e.g.,  the  Rio 
Sao  Francisco  area).  The  morphological  control  and  modification  of  physical  pro- 
cesses by  beach-rock  barriers,  in  contrast,  creates  complicated  barrier-lagoon  systems. 

This  part  of  the  Brazil  study  reports  on  the  investigation  of  the  morphodynamics 
of  these  two  adjacent  coastal  systems.  At  Aracaju  a beach-ridge/dune-plain  complex 
and  input  wave  and  wind  conditions  were  studied,  and  at  Suape  (near  Recife)  process- 
form  relationships  in  a beach-rock/lagoon  system,  as  well  as  beach-rock  petrology  and 
geochemistry,  were  investigated. 


Aracaju  Field  Site 

The  Aracaju  field  site  (Fig.  5)  is  located  on  a relatively  narrow  beach-ridge 
plain  lying  between  the  Sergipe  and  Vasa  Barris  Rivers  immediately  south  of  the  city 
of  Aracaju.  The  site  possesses  both  the  morphological  characteristics  and  process 
setting  required  for  the  study:  it  consists  of  a beach-ridge  plain  lying  in  the  path 
of  persistent  southeast  winds  and  waves.  In  addition,  no  beach  rock  is  present. 
Aracaju  is  also  a regional  Petrobras  center;  it  services  oil  rigs  located  in  the 
offshore  study  area.  These  offshore  facilities  provided  the  investigators  a platform 
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Figure  31.  Location  map  showing  the  distribution  of  beach-rock 
barriers  along  the  northeast  coast  of  Brazil. 
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Figure  32.  Surface  geology  of  stujy  area. 
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for  mounting  instruments.  Additional  logistical  support,  such  as  air  and  sea  trans- 
portation, was  provided  by  Petrobras. 

The  Aracaju  coastal  plain  (Fig,  5)  is  composed  of  unconsolidated  Quaternary 
sediments  derived  from  at  least  four  sources:  the  Sao  Francisco  River,  to  the 
north,  the  Sergipe  and  Vasa  Barris  Rivers,  which  border  the  plain,  and  reworking  of 
local  sediment  during  the  transgression.  The  plain  is  approximately  22  km  in  length 
and  5-6  km  wide.  Increasing  in  width  toward  each  end,  where  the  river  plain  extends 
inland.  The  inner  boundary  of  the  plain  lies  against  the  marine-truncated  and 
heavily  dissected  Tertiary  plateau.  Between  this  boundary  and  the  plain  proper, 

meandering  of  the  Rios  Poxim  and  Santa  Marla  have  cut  and  reworked  the  plain,  gener- 

ating two  bands  of  mangrove-dominated  tidal  flats.  Seaward  of  the  rivers,  the  major 
portion  of  the  plain  extends  A to  5 km  to  the  coast  as  a series  of  low  parallel  beach 
ridges  and  swales,  which  number  between  20  in  the  sout’  and  3A  in  the  north.  Imme- 
diately to  the  south  of  Rio  Vasa  Barris  47  ridges  are  present.  At  the  coast,  recent 

erosion  has  cut  the  outermost  ridges,  generating  transgressive  dunes  that  have 
migrated  up  to  1 km  inland  (average  0.5  km)  and  have  buried  the  beach-ridge  plain. 

fhe  present  morphology  of  the  Aracaju  coastal  plain  suggests  the  following 
recent  development  since  the  last  transgression. 

First,  tliere  was  a drowning  of  the  coast,  including  the  Sergipe  and  Vasa  Barris 
valleys,  and  initial  infilling  of  the  smaller  tributaries  and  possibly  some  beaches 
abutting  the  I'ertiary  (Fig.  33A)  . Sediment  moving  shoreward  during  the  transgres- 
sion would  permit  the  initial  infilling  to  coincide  with  attainment  of  the  sea  level 
maximum. 

Second,  there  was  a continued  infilling  of  the  larger  tributaries  (Fig.  33B) , 
drowned  valleys,  and  the  Sergipe  and  Vasa  Barris.  Little  progradation  at  the  coast 
would  be  expected  until  the  large  sediment  Craps  in  the  form  of  the  Sergipe  and  Vasa 
Barris  valleys  had  been  filled. 

Third,  completion  of  filling  of  the  large  embayments  took  place  and  sediment 
could  be  utilized  in  prograding  the  coast.  This  filling  resulted  in  the  rapid  and 
fairly  uniform  development  of  a 4-6-km  beach-ridge  plain  and  reached  a maximum  per- 
haps a little  seaward  of  the  present  shoreline  (Fig.  330.  The  ridges  are  parallel 
to  the  present  shoreline  and  normal  to  the  southeast  winds  and  waves.  During  this 
period  the  attainment  of  tidal  equilibrium  in  the  Rios  Piaui,  Santa  Maria,  Real, 
and  Pamonga  would  have  permitted  them  to  meander  and  thus  rework  the  adjacent  por- 
tions of  the  plain. 

Finally,  the  present  situation  was  reached  (Fig.  34).  Following  cessation  of 
beach-ridge  development,  initial  erosion  of  the  outermost  ridges  occurred.  The 
blowouts  that  were  generated  have  now  developed  Into  transgressive  dunes  that  extend 
up  to  1 km  inland.  In  addition,  sediment  has  been  released  to  move  northward,  par- 
ticularly during  the  winter  season;  two  large  recurved  spits  that  extend  into  the 
southern  side  of  the  mouths  of  the  Rios  Vasa  Barris  and  Sergipe  (Fig.  5)  have  been 
generated.  Whether  this  situation  represents  a periodic  mechanism  for  movement  of 
sediment  northward  across  the  river  mouths  by  spit  growth,  truncation  of  the  spit 
at  its  southern  extremity,  and  subsequent  amalgamation  of  the  spit  with  the  northern 
shore,  or  whether  it  is  occurring  for  the  first  time  is  unknown.  No  doubt,  however, 
the  present  situation  is  a stage  in  the  development  of  this  type  of  pulsative  sedi- 
ment movement. 

An  estimate  of  contemporary  shoreline  retreat  can  be  obtained  by  comparing  the 
original  and  present  sites  of  a freshwater  well  drilled  at  the  Petrobras  tank  farm 
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site  near  Aracaju.  The  well  was  drilled  in  1950  on  dry  land,  possibly  on  the  fore- 
dune. In  July  1975  the  well  was  situated  on  the  beach  face,  100  meters  seaward  of 
the  dune  escarpment,  and  was  awash  at  high  tide.  Therefore,  since  1950  retreat  of 
the  dune  escarpment  has  occurred  at  a rate  averaging  7 meters  per  year. 

The  contemporary  erosion  of  the  dune  escarpment  is  also  evidenced  along  the 
entire  Aracaju  coast  by  the  undermining  of  trees  along  the  seaward  portions  of  coco- 
nut plantations  (Fig.  35). 

A survey  was  made  across  the  dune  and  beach-ridge  field  along  a 1,500-meter  line 
(position  of  line  shown  on  Fig.  34).  The  survey  profiled  seven  low  beach  ridges, 
eight  intervening  swales,  and  the  dune  field  which  is  gradually  encroaching  land- 
ward. The  dune  field  has  extended  700  meters  inland;  it  covers  and  is  possibly 
reworking  the  underlying  ridges  and  swales  (Fig.  36). 

The  beach  ridges  and  swales  surveyed  have  an  average  wavelength  of  110  meters 
(standard  deviation  a = 10  m) ; the  average  for  the  entire  plain  is  between  90  and 
120  meters  (Figs.  34  and  37).  Their  present  amplitude  is  1.5  meters  (o  = 0.4  m) ; 
however,  considerable  infilling  of  the  swampy  swales  has  occurred  since  the  ridges 
were  generated.  Their  height  above  sea  level  averages  7 meters  for  the  ridges  and 
5.5  meters  in  the  swales. 

The  dune  field  that  is  presently  migrating  westward  over  the  outer  beach-ridge 
plain  consists  of  series  of  large  transgressive  dunes  in  various  stages  of  advance- 
ment and  stabilization  (Fig.  38).  Dunes  in  the  survey  reached  a maximum  elevation 
of  15  meters  above  mean  sea  level,  and  the  largest  was  400  meters  long. 

Twenty-seven  surface  sand  samples  were  collected  from  the  dune  field  and  the 
crests  and  troughs  of  the  beach  ridges  and  swales,  respectively  (Fig.  36).  Grain 
size  analysis  was  performed  at  1/4  f intervals.  The  results  shown  in  Table  9 indi- 
cate an  extremely  uniform  sediment  pattern.  All  samples  are  characteristically  fine 
grained  (mean  grain  diameter  = 2.97  o = 0.03  t)  and  very  well  sorted  (sorting 
coefficient  = 0.35,  a = 0.03).  No  discernible  variation  in  sediment  size  or  sorting 
characteristics  exists  between  the  ridges  and  swales,  seaward  or  landward  beach 
ridges,  or  the  ridge  plain  and  the  dunes.  A common  sediment  source  for  all  the 
features  is  suggested. 

Tiie  beach  sands  between  the  low-water  nuirk  and  the  upper  beach  are  slightly 
coarser  than  in  other  environments.  They  have  a mean  grain  diameter  of  2.61  i (j  = 
0.48  tfi ),  and  are  well  sorted  (sorting  coefficient  = 0.50,  a = 0.1).  This  trend  indi- 
cates that  there  is  a slight  winnowing  of  the  finer  grain  sizes  and  transportation 
of  these  particles  by  eolian  processes  to  the  ridges  and  dunes  and  secondary 
Infilling  of  the  swales.  Basically,  however,  the  beach,  dune,  and  ridge-plain  sui — 
face  sediments  have  similar  textural  characteristics. 


Beach  Dynamics 

Fronting  the  dune/bcach-ridge  plain  is  an  active  straight  beach  that  extends 
22  km  from  Rio  Vasa  Barrls  to  Rio  Sergipe  (Fig.  5).  The  morphological  response  of 
this  beach  to  winter  wave  conditions  was  monitored  throughout  the  field  project 
(22  days).  Two  beach  surveys  were  established  on  grid  patterns.  One  was  located 
in  front  of  the  Petrobras  tank  farm  (Tank  Farm  site)  and  was  surveyed  on  five  occa- 
sions between  10  June  and  3 Julv  1975.  The  main  grid  was  established  midway  along 
the  beach  on  the  Fazenda  Sao  Jose  coconut  plant.atlon  (Plantation  site.  Figs.  5 and 
35).  This  locality  was  surveyed  on  13  occasions  between  10  June  and  1 July  1975. 
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Figure  35.  Photograph  of  the  beach  in  the  vicinity  of 
the  Plantation  site  showing  the  transgressive  dune  field 
and  the  erosion  scarp  undermining  the  coconut  trees. 


Meters  (xIO^) 


Figure  36.  Aracaju  dune/beach-ridge  survey 
tlon.  See  Figure  5 for  location  of  survey. 


Numbers  indicate  sand  sample  loca 


Photograph  showing  beach-ridgo  plain  between 
, Maria  and  coast.  Note  water  lying  in  many  of  the 
Coconut  trees  line  the  ridges.  Viewed  to  north. 


Figure  38.  Photograph  of  transgre.ssive  dune  field  viewed 
to  the  north.  Mouth  of  Rio  .Sergipe  at  top. 
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Table  9 


n 


Dune 

and  Beach-Ridge  Plain 

Sediment 

Analysis 

Sample 

No . 

M4 

64 

Sample  Mt 

No. 

64 

Sample 

No. 

M4 

64 

1 

2.81 

0.34 

10 

2.88 

0.37 

19 

3.90 

0.35 

2 

2.63 

0.41 

11 

2.98 

0.31 

20 

2.83 

0.37 

3 

2.73 

0.39 

12 

3.29 

0.27 

21 

2.91 

0.36 

4 

2.80 

0.35 

13 

2.78 

0.44 

22 

3.04 

0.  36 

5 

3.10 

0.36 

14 

2.92 

0.37 

23 

3.12 

0.39 

6 

3.01 

0.34 

15 

2.94 

0.34 

24 

2.99 

0.  37 

7 

2.89 

0.  38 

16 

3.01 

0.28 

25 

2.97 

0.39 

8 

2.85 

0.37 

17 

2.89 

0.34 

26 

3.00 

0.34 

9 

2.88 

0.37 

18 

2.99 

0.39 

27 

3.13 

0.32 

NOTE:  See  Figure  36  for  location. 


The  grid  extended  from  the  base  of  the  foredune  to  the  seaward  limit  of  wading  dur- 
ing low  tide  (approximately  160  meters).  Seaward  extension  of  the  survey  by  echo 
sounding  was  prevented  by  the  continuous  1.5-  to  2-meter-high  waves  breaking  across 
the  400-meter-wide  surf  zone. 

The  beach  in  the  vicinity  of  both  grids  and  along  its  entire  length  is  extremely 
straight  and  uniform.  Large  winter  waves  had  removed  any  deposit ional  forms,  and  a 
gently  sloping  concave  beach  extended  from  the  base  of  the  foredune  to  the  edge  of 
the  inner  bar  within  the  study  area.  No  berm  was  present,  and  only  occasionally 
very  subdued  cuspate  features  were  observed  within  a wavelength  of  approximately 
300  meters. 

Beach  sediments  were  sampled  at  the  Plantation  grid  along  three  lines  extending 
from  the  0-meter  baseline  to  the  bar  crest  at  160-180  meters.  Twenty-eight  samples 
were  collected  and  sieved  at  's<f  intervals  (Table  10). 

The  entire  beach  is  covered  by  fine-grained  (mean  grain  diameter  = 2.614', 
o = 0.1),  well-sorted  (sorting  coefficient  = 0.5,  o = 0.1)  sand.  The  sands  tend  to 
be  trimodal,  with  modes  at  2.5-2.754,  3.254,  and  3.754.  Although  no  longshore 
variation  was  apparent,  there  was  an  increase  in  grain  size  on  the  inner  bar;  the 
coarsest  sand  occurred  at  160  meters  (average  mean  grain  size  of  2.184).  The 
coarsening  resulted  from  the  absence  of  the  3.254  mode.  The  trimodality  of  the 
sediments  was  also  found  in  the  dune,  beach-ridge,  and  swale  sands. 

Surveying  of  the  Plantation  grid  began  on  10  June  1975.  The  beach  was  essen- 
tially concave  in  slope  and  sloped  gently  to  the  low-water  mark  (Fig.  39).  Only 
very  subtle  longshore  variation  was  apparent  as  the  lower  beach  elevation  increased 
to  the  south.  Conditions  on  11  June  permitted  the  beach  to  be  surveyed  to  the 
160-mi ter  line.  The  beach  was  essentially  unchanged,  though  the  faint  outline  of  a 
slightly  cuspate  feature  could  be  observed.  Evidently  the  relatively  low  wave  con- 
ditions existing  from  10  to  11  June  moved  little  or  no  sediment  onto  the  beach. 
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Table  10 


Plantation  Beach  Grid  Pediment  Analysis 


4S 

0 

4N 

Distance 

Distance 

Distance 

f rom 

from 

from 

Baseline 

Baseline  Mii 

Baseline 

Mif 

(meters) 

(meters) 

(meters) 

0 

2.67 

0.30 

0 2.81 

0.33 

0 

2.74 

0.28 

20 

2.95 

0.40 

20  2.90 

0.  34 

20 

2.82 

0.35 

40 

2.97 

0.50 

40  2.97 

0.47 

40 

2.76 

0.45 

60 

2.43 

0.68 

60  2.63 

0.60 

60 

2.38 

0.59 

80 

2.78 

0.48 

80  2.54 

0.66 

80 

2.33 

0.57 

100 

2.88 

0.56 

100  2.70 

0.50 

100 

2.64 

0.55 

120 

2.40 

0.62 

120  2.24 

0.49 

120 

2.73 

0.52 

140 

2.47 

0.56 

140  1.90 

0.55 

140 

2.18 

0.55 

160 

2.39 

0.68 

160  2.53 

0.55 

160 

2.28 

0.60 

180 

180 

180 

3.07 

0.51 

NOTE 

: Samples 

are  located  by  their  profil 

e line,  4S 

0,  or  4N, 

and  their 

distance 

from  the  back  beach 

baseline , 0,  20. . . 

180  meters 

Wave  height  began  to  increase  on  11  June  with  the  arrival  of  strong  north  to 
northeast  winds  and  northeast  waves  1,5  to  2 meters  high.  The  survey  on  12  June, 
however,  indicated  little  morphological  change  in  the  upper  beach.  The  lower  beach 
seaward  of  80  meters  was  slightly  lowered  but  retained  the  cuspate  feature. 

On  13  June  wave  height  peaked  at  2 meters,  causing  slight  lowering  of  the  beach 
below  50  meters.  Wave  height  subsided  to  1.2  meters  on  14  June.  The  entire  beach 
face  was  essentially  uniform  and  remained  in  this  state  through  15  June. 

A strong  southwesterly  storm  arriving  on  16  June  generated  waves  up  to  3 meters. 
Although  the  central  beach  was  lowered  slightly  and  a channel  began  to  form  at  the 
northern  end  between  100  and  130  meters,  the  high  waves  prevented  surveying  of  the 
inner  bar.  The  channel  was  observed,  however,  to  extend  the  full  length  of  the 
survey  grid.  A strong  northward  current  existed  both  in  the  channel  and  across  the 
surf  zone. 

On  17  June  (Fig.  40)  wave  height  subsided  slightly  and  conditions  on  the  beach 
remained  unchanged.  However,  southerly  waves  continued  to  attack  the  beach  on  18 
and  19  June,  and  surveying  was  again  restricted.  The  upper  beach  maintained  its 
uniform  concave  slope.  The  beach  was  surveyed  to  the  inner  breaker  line  on  21  June 
(Fig.  40).  The  longshore  trough  developed  in  response  to  the  high  wave  conditions, 
and  the  inner  bar  was  apparent.  The  bar  was  rather  subdued,  particularly  to  the 
north,  where  a return  flow  from  the  channel  moved  seaward. 

On  21  June  wave  height  began  to  decrease  and  shoreward  movement  of  sediment 
was  generated.  Rip  cell  development  along  the  beach  intensified.  The  central  por- 
tion of  the  bar  became  more  prominent,  increasing  in  height  by  an  average  of  30  cm. 
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and  migrated  shoreward  approximately  10  meters  along  Its  landward  edge.  The  shore- 
ward migration  removed  the  longshore  channel  In  r^e  central  portion  and  Intensified 
and  excavated  two  rip  channels  on  the  other  side  of  the  bar.  Water  was  therefore 
flowing  in  over  the  bar,  moving  into  the  longshore  channel,  and  returning  seaward 
through  the  rip  channels.  Well-developed  sand  waves  30-50  cm  high  were  prominent  in 
the  rip  channels.  The  upper  beach  face  responded  to  the  bar-channel  morphology  by 
accreting  behind  the  bar  and  undergoing  slight  erosion  behind  the  rip  channels. 

Wave  height  stabilized  on  22  June  (Fig.  Al),  and  more  sediment  moved  onto  the 
beach.  The  bar  continued  to  increase  in  height  and  move  shoreward  along  its  crest. 
The  longshore  channel  remained  stationary  but  narrowed  slightly.  The  rip  channel 
at  the  south  end  broke  through  the  bar.  A distinct  channel  was  formed  normal  to  the 
beach.  The  northern  rip  deteriorated,  and  partial  filling  of  both  the  channel  and 
adjacent  bar  section  resulted. 

On  23  June  wave  height  decreased  to  1 meter,  and  the  entire  bar  began  to  move 
up  onto  the  iower  beach  face.  The  central  portion  of  the  bar  moved  approximately 
20  meters  shoreward  and  almost  filled  the  longshore  channel.  The  southern  rip  con- 
tinued to  exert  significant  influence,  maintaining  a channel  across  the  bar.  The 
northern  rip  maintained  a deep  longshore  channel  and  deepened  its  channel  across  the 
bar.  The  upper  beach  face  renxiined  unchanged. 

A change  in  field  locations  on  23  June  prevented  continued  observations  of  the 
shoreward  migration  of  the  bar.  If  low  wave  conditions  had  continued,  the  bar 
probably  would  have  welded  itself  to  the  central-lower  beach  face  as  a series  of 
cusps  and/or  a berm. 

On  1 July  1975  a final  survey  was  made  of  the  Plantation  grid.  While  the  inter- 
vening process  conditions  between  21  and  29  June  were  expected  to  generate  moderate 
to  low  wave  conditions  and  beach  accretion,  a strong  southerly  storm  arrived  on  30 
June,  and  on  1 July  high  waves  attacked  the  coast.  The  survey  therefore  illustrates 
the  beach  in  a state  of  erosion  following  the  above-mentioned  accretion  (Fig.  42). 

The  lower  beach  face,  between  110  and  160  meters,  had  filled  considerably:  as  much 
as  60  cm  over  the  longshore  channel,  20  cm  over  the  bar,  and  approximately  80  and 
90  cm  over  the  southern  and  northern  rip  channels,  respectively.  This  body  of  sedi- 
ment was  now  being  removed.  The  beach  in  its  partially  denuded  state  consisted  of 
two  erosional  cuspate  features  and  Intervening  erosion  swales. 

The  subaerial  section  of  the  beach  and  adjacent  inner  bar  responded  to  varying 
wave  conditions  generated  by  the  periodic  winter  southerly  storms  and  persistent 
strong  onshore  winds.  Basically,  the  beach  had  been  denuded  by  the  first  of  these 
storms  cu  and  following  25  May,  prior  to  the  field  period.  The  beach  attempted  to 
recover  during  the  intervening  periods  of  low  to  moderate  waves;  however,  complete 
recovery  was  prevented  by  the  persistent  storms.  The  basic  winter  beach  morphology 
is  therefore  a concave,  gently  sloping  beach  face  that  terminates  at  the  inner  bar, 
which  during  periods  of  high  waves  is  separated  from  the  beach  by  a longshore  chan- 
nel and/or  rip  channels. 

The  beach  grid  survey  extended  to  a nuiximum  of  180  meters  from  the  dune  scarp. 
The  beach  and  surf  zone,  however,  extended  up  to  500  meters  seaward.  High  waves 
breaking  across  two  bars  and  a wide  shoal  surf  zone  prevented  echo  sounding  of  the 
surf  zone.  Thus,  even  a generalized  analysis  of  the  response  of  this  area  cannot 
be  verified. 

The  results  of  three  aerial  reconnaissance  flights  above  the  Aracaju  beach 
area  can,  however,  be  used  to  define  on  a very  broad  scale  the  morphological  response 
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Figure  42.  Profile  across  Plantation  beach 
grid  on  20  June  and  1 July  1975,  showing 
maximum  change  in  beach  elevation  during  the 
study  period. 


of  the  surf  zone  to  winter  storm  conditions. 

The  first  survey  was  made  during  a field  reconnaissance  trip  in  January  1974, 
the  latter  two  flights  on  6 and  19  Juno  1975.  The  January  survey  (Fig.  43A)  shows 
the  beach  during  the  low  to  moderate  summer  southeasterly  wind  and  wave  conditions. 
The  foredune  extended  gently  to  the  beach,  no  erosional  scarp  being  present,  and 
the  surf-zone  slope  was  uniform,  with  no  distinct  bars  apparent. 

The  winter  morphology  evidence  in  Figure  4JB  and  C presents  the  eroded  dune 
escarpment  and  two  distinct  bars  in  tlte  surf  zone.  On  ft  June  the  inner  bar  is 
attached  to  the  lower  beach;  however,  its  outer  edge  is  indicated  by  a fairly  sharp 
breaker  line.  Seaward  of  this  edge  a channel  approximately  100  meters  wide  sepa- 
rates it  from  the  inner  edge  of  ttie  outer  har.  This  outer  har  was  apparently 
generated  by  large  waves  associated  with  a severe  southerly  storm  that  occurred 
around  25  May  1975. 

Figure  43C  illustrates  the  conditions  on  19  June  1975  during  a period  of 
moderate  to  high  wave  conditions.  The  inner  bar  is  separated  from  the  beach  by  a 
longshore  channel.  Seaward  of  the  inner  bar  a distinct  trough  approximately  5 meters 
deep  and  100  meters  wide  parallels  the  entire  beach.  At  the  seaward  edge  of  this 
trough  is  the  sharp  boundary  with  the  outer  bar  at  a depth  of  approximately  3 to 
4 meters.  The  outer  bar  likewise  continues  along  the  entire  length  of  this  22-km 
section  of  coast.  The  crest  of  the  outer  bar  has  a width  of  approximately  70  meters. 
The  bottom  slopes  gently  seaward  from  the  crest  of  the  outer  bar  (Fig.  44).  Higher 
waves  break  on  this  gentle  slope,  at  times  breaking  up  to  200  meters  seaward  of  the 
outer  bar.  Therefore,  the  effective  surf  zone  during  high  wave  conditions  may  extend 
over  600  meters;  waves  break  first  on  the  outer  slope,  second  on  the  outer  bar, 
third  on  the  inner  bar,  and  finally  on  the  beach  face. 
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Figure  4JA.  View  north  along  Aracajn 
coast,  January  19/4.  Note  tlie  low,  shor 
waves  arriving  parallel  to  the  coast  ainl 
the  broad,  continuous  surl  zone. 


Figure  43B.  View  north  along  Aracaju  coast,  b June  1975. 
Note  the  moderate  waves  arriving  at  an  angle  to  the  coast, 
the  broad  inner  surf  zone,  and  waves  breaking  on  the  outer 
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Figure  43C.  View  nortti  along  Aracaju  coast,  19  June  1975. 
Note  the  large  waves  breaking  well  seaward  of  the  outer  bar 
the  distinct  outer  and  inner  bars,  and  the  swash  zone — a 
total  of  four  wave-breaking  zones. 
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Figure  44.  Schematic  diagram  of  the  beach  morphology  at  Aracaju 


BeacU-Rock  Barriers 


Branner  (1904)  was  ttie  first  person  to  describe  in  detail  the  lithified  beaches 
and  barriers  of  Brazil,  which  he  referred  to  as  "stone  reefs."  He  recognized  that 
these  features  had  not  been  constructed  by  reef-building  corals  and  calcareous  algae 
but  consisted  mostly  of  quartz  sand,  shells,  and  terrigenous  pebbles,  all  of  which 
were  bound  together  by  a calcareous  cement.  This  observation  was  not  entirely 
original,  however;  Darwin  (1841),  a lialf  century  before,  had  recognized  that  the 
offshore  obstructions  at  Pernambuco  were  composed  of  sandstone  and  were  not  organi- 
cally constructed  reefs.  Since  these  early  studies  the  "stone  reefs"  of  Brazil  have 
been  the  subject  of  several  scientific  investigations,  most  of  which  have  been 
geomorphically  and  geologically  oriented  (Andrade,  1955;  Tricart,  1959;  most  recently, 
Mabesoone,  1964,  1971;  Mabesoone  and  Continho,  1970). 

One  of  the  most  remarkable  characteristics  of  these  lithified  beaches  and 
barriers  is  the  straightness  of  most  well-developed  examples.  A single  outcrop  may 
extend  for  several  kilometers  parallel  to  t!\e  coast  without  interruption.  In  most 
localities  more  than  one  beach-rock  band  can  be  identified.  Mabesoone  (1964) 
reported  that  generally  two  or  three  ridges  are  exposed  near  the  beach  at  low  tide, 
and  ten  or  more  additional  submerged  ridges  may  occur  offshore.  Analysis  of  air 
photos  suggests  Chat  this  situation  may  be  typical  of  many  areas  along  tlie  north- 
east coast  of  Brazil.  The  beach-rock  bands  that  are  exposed  at  low  tide  have  a 
maximum  height  that  commonly  corresponds  to  the  higli-ride  level.  Those  bands  that 
are  fartlier  offshore  are  presumably  older  and  are  now  permanently  submerged  owing 
to  the  Holocene  sea  level  rise.  Tlie  width  of  individual  beach-rock  bands  is 
extremely  variable.  In  general  terms,  they  appear  to  fit  into  a range  between 
about  5 and  150  meters,  and  tliickness  to  underlying  unconsolidated  material  is  a 
maximum  of  about  4 meters  for  barriers  whose  tops  are  exposed  at  low  tide.  Con- 
sistent with  Che  geomorphic  descriptions  of  bcacli  rock  by  Russell  (1957)  and  many 
others,  these  recently  cemented  sandstones  exhibit  accretion  units  that  dip  at  a 
very  low  angle  (generally  •'5°)  seaward  and  have  an  overall  trend  that  is  much  the 
same  as  that  of  their  modern  bead)  counterparts.  In  addition  to  tite  similarity  in 
gross  structure  and,  in  some  places,  small-scale  cross  bedding,  the  constituent 
particles  that  compose  the  be.ich  rock  are  similar  in  most  cases  to  those  found  on 
nearby  active  beaches.  In  terms  of  texture,  however,  it  was  our  observation  that 
many  beach-rock  exposures  contained  coarser  material  than  was  apparent  along  the 
adjacent  modern  shoreline.  Mabesoone  (1964)  also  reported  coarser  material  in  the 
beach  rock  near  Recife. 

The  cemented  sandstones  are  composed  of  from  about  35  to  98  percent  quartz. 

The  remaining  components  are  primarily  carbonates,  mollusc  fragments,  and  coralline 
and  calcareous  green  algae.  Kssentially  these  same  proportions  were  reported  by 
Mabesonne  (1964)  in  his  study  of  the  Pernambuco  sandstone  reefs.  However,  most  of 
our  samples  contained  less  than  10  percent  carbonate  allocheras.  Generally,  a low 
percentage  of  heavy  minerals  (<3  percent)  is  also  found. 

Submerged  exposures  of  beach  rock  have  provided  firm  substrates  for  sedentary 
organisms.  Along  this  sediment-rich  depositional  coast,  corals  and  similar  orga- 
nisms would  otherwise  find  very  few  bottom-fast  objects  on  which  to  attach  and 
grow.  Although  true  coral  reefs  are  virtually  nonexistent  along  Brazil's  northeast 
coast,  many  small  patch  reefs,  composed  mostly  of  encrusting  forms  of  coralline 
algae  in  conjunction  with  a few  corals,  can  be  identified.  Mabesoone  and  Coutinho 
(1970)  reported  that  all  reefs  in  the  coastal  waters  of  Brazil  in  whicli  corals  grow 
or  grew  have  a substrate  of  cemented  sandstone  or  another  rock  type  that  is  crop- 
ping out  on  the  sea  floor.  Two  Islands,  Rocas  and  Fernando  de  Noronha,  approxi- 
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mately  230  km  off  tlie  north  coast,  liave  truo  coral  reefs  and  appear  to  be  rather 
exceptional  with  regard  to  the  rest  of  the  Brazilian  coast. 

like  true  coral  reefs,  Brazil's  beach-rock  exposures  significantly  modify  the 
incident  wave  energy  to  the  coast.  Not  only  is  tliere  a substantial  loss  of  energy 
through  the  breaking  process  as  waves  encounter  a beacli-rock  barrier,  but  the  spec- 
trum of  those  resulting  modified  waves  is  shifted  significantly  from  input  wave 
field  characteristics,  generally  to  lower  frequencies.  These  observations  were 
made  by  Roberts  et  al.  (1975)  in  a Caribbean  fringing  reef  system  that  is  very 
similar  in  basic  geometry  to  the  beach-rock  lagoon  complexes  along  the  northeast 
Brazilian  coast.  In  the  (liribbean  setting  it  was  estimated  that  approximately  a 75 
percent  energy  loss,  calculated  from  the  change  in  wave  height,  occurred  during  the 
breaking  process  as  waves  intersected  the  fringing  reef,  reformed,  and  entered  the 
back-reef  lagoon.  A more  detailed  discussion  of  these  interactions  was  given  in  an 
earlier  section  of  this  report. 


In  addition  to  simply  transforming  and  attenuating  wave  energy  through  the 
process  of  wave  breaking,  offsliore  obstructions  such  as  the  beach-rock  barriers  tend 
to  refocus  wave  energy  along  the  back-barrier  deposit ional  coast  by  processes  of  wave 
refraction  and  diffraction.  Figure  45  schematically  illustrates  the  effects  of  iso- 
lated beach-rock  bands  and  openings  in  long,  linear  bands  on  configuration  of  the 
adjacent  shoreline.  Although  the  combined  effects  of  wave  refraction  and  diffrac- 
tion operate  to  produce  the  illustrated  shoreline  response  features,  diffraction  is 
most  noticeable  wliere  an  otherwise  regular  train  of  waves  is  interrupted  by  an  off- 
shore bariiei  such  as  the  beach-rock  exposures.  Through  the  diffraction  of  waves, 
energy  is  transferred  laterally  along  the  wave  crest.  If  this  transfer  did  not 
occur,  straight  , long-crested  waves  passing  the  end  of  a barrier  would  leave  a region 
in  the  barrier  lee  devoid  of  any  wave  activity,  whereas  beyond  the  end  of  the  bar- 
rier, waves  would  pass  essentially  unchanged  in  form  and  height  except  for  refrac- 
tion effects.  This  situation  is  obviously  not  the  case,  and  in  appropriate  coastal 
settings  the  influence  of  offshore  obstructions  on  configuration  of  the  modern 
coastline  can  be  striking.  The  overall  effect  Is  to  produce  a coastline  that  is 
highly  crenulated.  Figure  46  is  an  oblique  aerial  photograph  of  the  Brazilian 
coast  near  Rio  Serinhaem  that  shows  the  distinct  formation  of  alternating  cuspate 
features  and  crescentic  bays.  Nearly  the  entire  northeast  coast  of  Brazil  has  off- 
shore beach-rock  barriers  (Fig.  31)  and  is  characterized  by  a highly  crenulated 
coastline  geometry.  Kaye  (1959)  illustrated  a similar  shoreline  configuration  along 
the  northeastern  coast  of  Puerto  Rico  that  developed  in  response  to  small,  discon- 
tinuous fringing  coral  reefs  .ind  offshore  exposures  of  Pleistocene  eolianite. 
Dccaslonal ly  the  tendency  to  build  cuspate  shoreline  forms  toward  an  offshore 
obstruction  overrides  local  effects,  and  the  cusps  may  build  across  barrier  trends 
nearer  to  shore.  This  situation  is  illustrated  by  Figure  47,  which  shows  a distinct 
accret  ional  form  building  across  a presumably  older  and  nearshore  beach-rock  expo- 
sure at  Ponta  de  Serrambi,  just  north  of  Kio  Serinhaem.  Branner  (1904)  discussed 
a similar  example  from  the  mouth  of  Rio  Formoso. 

Many  cases  may  be  cited  along  the  northeast  coast,  where  the  modern  shoreline 
has  accreted  toward  and  joined  an  offshore  lithlfied  barrier.  This  process  of 
classical  torabolo  formation,  if  allowed  to  continue,  under  the  present  sea  level 
stand  will  in  time  act  to  straighten  the  now  crenulated  coastline.  Johnson  (1919), 
in  discussing  tombolo  formation,  agreed  that  these  depositional  features  are  com- 
posed of  sand  that  has  been  deposited  primarily  by  w.ives  on  the  sheltered  sides  of 
islands  (or  any  offshore  obstruction).  Although  waves  generally  approach  a coast 
somewhat  obliquely,  refraction  causes  wave  crests  to  become  more  parallel  to  the 
shore.  Kach  part  of  a tombolo  assumes  an  orientation  at  nearly  right  angles  to  the 
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CRESCENTIC  BAY 


Figure  45.  Schematic  representation  of  the  influence  of  offshore  beach-rock 
barriers  on  a modern  sandy  shoreline.  Changes  are  caused  by  the  combined 
effects  of  wave  diffraction  and  refraction.  The  shoreline  generally  accretes 
toward  an  isolated  offshore  barrier  (A),  eventually  linking  with  the  beach 
rock  by  means  of  a tombolo.  Breaks  in  a long,  linear  offshore  beach-rock 
barrier  promote  formation  of  back-barrier  crescent-shaped  shorelines  (B) . 
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Figure  46.  Modern  crenuluteJ  .shoreline  near  Rio  Serinhaera. 
Crescentic  bays  have  lormed  in  response  to  the  breaks  in  the 
ot'tshore  beach-rock  barriers.  Note  the  .same  shoreline  geome- 
try forming  on  a smaller  sc.tle  in  response  to  the  nearshore 
beacli-rock  band. 


Figure  47.  Cuspate  shoreline  feature  building  across  a 
nearshore  beach-rock  band  at  Ponta  de  Serrambi,  just 
north  of  Rio  Serinhaem. 


direction  from  which  the  dominant  waves  approach,  and  it  is  maintained  by  continu- 
ous exposure  to  such  waves.  Figure  48  illustrates  the  cuspate  accretion  along  the 
coast  near  Rio  Serinhaem,  where  a tombolo-like  feature  has  developed  that  links  a 
beach-rock  barrier  to  the  adjacent  shoreline. 

Branner  (1904)  described  the  lithified  barrier  south  of  Cabo  de  Santo  Agostinho, 
near  the  little  town  of  Suape,  as  "the  finest  stone  reef  on  the  coast  of  Brazil" 

(Fig.  3i) . Figure  49  illustrates  the  remarkable  straightness  of  this  barrier,  which 
extends  some  12.5  km  south  from  the  cape  to  a point  at  which  it  merges  with  the 
shoreline  near  the  small  village  of  Cupe.  The  exposed  barrier  width  varies  between 
60  meters  and  160  meters  in  the  transverse  profiles  given  in  Figure  50.  Barrier 
width  increases  to  the  south  and  is  widest  where  beach  rock  joins  the  shore  near 
tupe.  The  profiles  show  that  the  total  width  of  this  beach-rock  exposure,  submerged 
plus  emergent  portions,  may  be  as  much  as  400  meters.  A small  part  of  the  long 
beach-rock  barrier  is  welded  to  the  igneous  rocks  of  Cabo  de  Santo  Agostinho.  Between 
this  small  segment  and  the  main  trend  is  the  larger  of  two  major  breaks  in  the  barrier 
system. 

The  only  other  break  in  the  barrier  occurs  opposite  the  well-developed  lunate 
bay  midway  between  Cabo  de  Santo  Agostinho  and  the  southern  extremity  of  the  exposure 
(Fig.  51).  This  break  is  ineffective  at  low  tide  as  an  entry  point  for  incident 
waves  from  the  shelf.  At  high  tide,  however,  waves  pass  through  the  narrow  channel 
and  play  a dominant  role  in  determining  the  configuration  of  the  back-barrier  shore- 
line. Similar  processes  are  active  in  conjunction  with  the  shallow  main  channel 
(approximately  400  meters  wide)  at  the  northern  end  of  the  barrier  adjacent  to  Cabo 
de  Santo  Agostinho.  The  shapes  of  the  wave  fronts  seen  in  Figure  51  conform  well  to 
the  general  configuration  of  the  beach  that  has  developed  behind  the  beach-rock 
barrier. 

The  Suape  lithified  barrier  has  cliaracteristics  common  to  most  beach-rock  expo- 
sures. Accretion  units  tliat  slope  seaward  at  a gentle  angle  are  readily  apparent  at 
low  tide.  The  most  elevated  surfaces  of  the  barrier  are  slightly  ’’igher  but  are 
very  close  to  being  coincident  with  the  high-tide  level.  Coarse  and  fine  units  may 
be  identified  in  the  exposure,  but  in  general  the  texture  is  that  of  a medium-grained 
sandstone  composed  primarily  of  quartz  but  including  minor  amounts  of  mollusc  debris 
and  coralline  algae  fragments.  Figure  52  illustrates  the  internal  structure  of  the 
beach-rock  exposure,  including  accretion  units  and  small-scale  cross  bedding.  The 
surface  over  the  entire  length  of  the  exposure  exhibits  long  tide  pools  oriented 
along  the  trend  of  the  barrier.  Algal  rims  have  developed  around  many  of  the  tide 
pools,  which  generally  form  between  the  truncated  updip  ends  of  accretion  units  (Fig. 
53). 

Three  sluggish  little  rivers,  Rio  Ipojuca,  Rio  Tatuoca,  and  Rio  Massangana, 
enter  the  back-barrier  lagoon  and  drain  to  the  tidal  channel  at  the  northern  end  of 
the  barrier  at  falling  tide.  Many  shoals  have  aeveloped  in  the  lagoon  in  response 
to  river  sedimentation  as  well  as  lagoonal  circulation.  However,  a channel  is  nuiin- 
tained  directly  in  the  lee  of  the  barrier  to  accommodate  tidal  exchange;  the  geome- 
try of  this  structure  is  very  similar  to  that  of  a fringing  coral  reef  and  its 
accompanying  back-reef  moat  channel. 

Sediment  thickness  and  facies  relationships  on  both  the  seaward  and  the  land- 
ward sides  of  the  lithified  barrier  at  Suape  are  shown  in  Figures  54  and  55.  These 
figures  were  compiled  from  hydrographical  and  geophysical  sounding  data.  Near  the 
position  of  the  barrier  on  the  continental  shelf,  sediments  have  accumulated  to  a 
thickness  of  approximately  65  meters  over  bedrock.  The  entire  sedimentary  column  is 
composed  of  sand-sized  material;  erratic  blocks  of  the  lithified  barrier  up  to  8 
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figure  48.  Along  the  couhL  near  Rio  Sorinliaera  Lorabolo-like 
loaLures  now  link  iho  modern  shoreline  Lo  once-ol  isliore 
beach-rork  barriers. 


Figure  49.  The  long  (12.5  km)  and  extremely  straight  beach 
rock  barrier  south  of  Cabo  de  S.into  Agostlnho  is  one  of  the 
best  examples  of  beach  rock  along  the  llr.ixillan  co.ist.  The 
village  of  Su.ipe  is  picturi’d  in  the  foreground. 


Figure  51.  Waves  entering  the  back-barrier  lagoon  during 
rising  tide  at  a position  midway  between  Cabo  de  Santo 
Agostinlio  (in  the  upper  left)  and  tlie  southern  extremity 
of  the  beach-rock  exposure.  Note  the  crescent-shaped  beach 
that  has  formed  in  response  to  the  break  in  the  beach-rock 
barrier . 


Figure  52.  Internal  structure  of  the  be.ach-rock  exposed 
near  Suape  as  viewed  from  the  lagoon  side.  Note  the 
large  accretion  units  and  their  sm.ill-scale  Interna! 
structure.  Long  tidal  pools  also  occur  along  the  length 
of  the  barrier. 
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Figure  53.  Algal  rims  around  tidal  pools  on  the  beach-rock 
barrier  near  Suape,  shown  here  at  low  tide. 


meters  thick  occur  at  the  surface  (Fig.  54,  profile  C-C').  Between  these  beach-rock 
remnants  occurs  a thin  facies  (<5  meters)  of  sand  containing  a higher  proportion  of 
carbonate  components  than  the  thick  section  of  underlying  sediments.  Figure  54, 
profile  B-B' , illustrates  thinning  of  the  sedimentary  column  in  the  vicinity  of  Cabo 
de  Santo  Agostinho.  The  two  prominent  shelf  sedimentary  facies,  a relatively  thick 
terrigenous  sand  overlain  by  a tliin  (2-3-meter)  calcareous  sand,  fill  irregularities 
in  the  near-surface  granitic  basement  rocks,  which  are  highly  faulted  in  this  vicin- 
ity. Profiles  A-A' , B-B',  and  C-C'  of  Figure  54  clearly  show  the  multiple  beach-rock 
bands  that  occur  seaward  of  the  barrier  that  is  so  prominently  displayed  at  low  tide. 
Profiie  C-C',  Figure  54,  wiiich  is  oriented  seaward  of  the  small  town  of  Cupe,  illus- 
trates three  major  beach-rock  bands,  each  approximately  6-8  meters  thick,  that  are 
separated  by  thinner  lithified  and  slumped  material.  Bedrock  in  this  area  is 
approximately  30  meters  beneath  the  base  of  the  beach  rock.  Profile  E-F'  (Fig.  54) 
was  run  parallel  to  the  lithified  barrier  trend  some  4-5  km  offshore  in  water  depths 
of  approximately  18  meters.  At  this  distance  seaward  on  the  shelf,  the  thickness  of 
unconsolidated  sediments  over  the  basement  is  approximately  10  meters;  both  calca- 
reous and  terrigenous  sand  facies  are  identifiable,  however. 

The  profiles  presented  in  Figure  55  are  representative  of  the  facies  relation- 
ships found  in  the  back-barrier  lagoon  and  adjacent  river  mouth  areas.  Profile  A-A' 
parallels  the  barrier  trend  and  is  located  between  tlie  tidal  channel  adjacent  to 
Cabo  de  Santo  Agostinho  and  the  break  in  the  barrier  near  the  mouth  of  Rio  Ipojuca. 
Along  this  trend  unconsolidated  sediments  average  about  60  meters  thick  above  the 
igneous  basement  rocks.  Three  facies  are  present:  two  terrigenous  sand  units  aver- 
aging about  20  meters  thick,  which  are  separated  by  a ciay  sequence  whose  tliickness 
varies  from  about  10  to  30  meters.  Profiles  oriented  perpendicular  to  the  barrier 
trend  (B-B',  C-C',  D-D'  of  Fig.  55)  show  basically  the  same  three  stratigraphic 
units.  However,  thicknesses  vary  considerably  from  that  shown  in  profile  A-A'.  In 
general,  the  tendency  is  toward  an  overall  thinning  of  the  Holocene  sedimentary 
sequence  in  a landward  direction.  Profile  C-C ' , which  trends  from  the  lithified 
barrier  up  the  Rio  Massangana,  shows  an  overall  decrease  in  thickness  of  the  sedi- 
mentary section  from  about  60  meters  at  the  seaward  end  of  the  profile  to  about 
30  meters  slightly  landward  of  the  river  mouth. 
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Sedlmentology  and  Geochemistry 


One  ot  the  most  detailed  sedimentological  studies  of  Brazil's  beach  rock,  was 
published  by  Mabesoone  (1964)  and  concerned  the  "sandstone  reefs  of  Pernambuco." 

The  purpose  of  his  study  was  to  determine  the  origin  and  age  of  the  sandstone  reefs 
in  the  general  vicinity  of  the  city  of  Recife.  The  approach  used  was  both  mega- 
scopic (geomorphic  approach)  and  microscopic  (granulometric  approach).  It  was  deter- 
mf  , ' that  the  macroscopic  character  of  the  sandstone  reefs  is  typically  that  of 
b.  I cick,  but  the  grain  size  characteristics  indicate  an  offshore  origin  for  the 

cc.  . sands.  The  age  of  the  beach-rock  bands  was  judged  as  Recent,  and  their 

occi  ?'  ■ is  partially  a consequence  of  the  Holocene  sea  level  rise.  Every  major 

banc  --esents  a temporary  stillstand.  Although  this  study  contributed  much  to  the 
understanding  of  beach  rock  along  Brazil's  northeast  coast  in  the  vicinity  of  Recife, 
many  basic  questions  concerning  the  cementation  characteristics  and  geochemical 
properties  were  left  unanswered. 

Samples  were  collected  from  a wide  variety  of  beach-rock  localities  in  order  to 
answer  some  of  the  remaining  questions  relating  to  the  petrologic  and  geochemical 
variability  of  Brazilian  beach  rock.  Three  widely  spaced  sample  locations  were 
selected:  Ponta  do  Prego,  near  Maceio;  Boa  Viagem,  south  of  Recife;  and  the  Suape 

beach  rock  adjacent  to  Cabo  de  Santo  Agostinho  (Fig.  31). 

Carbonate  mineralogy  was  obtained  on  all  samples  by  X-ray  diffraction  analysis 
(Matthews,  1966;  Ebanks,  1967).  Powder  slide  mounts  of  samples  ground  to  pass  a 
200-mesh  sieve  were  used  on  a Norelco  diffractometer  with  Cu-K  X-radiation.  The 
scanning  rate  was  set  at  1/4°  per  minute  over  a two-theta  interval  from  25.5  to  32°. 
MgCOj  content  of  the  calcites  was  estimated  by  the  peak  displacement  method  utilizing 
silicon  metal  as  an  internal  standard  (Goldsmith  et  al.,  1958,  1961).  Thin  sections 
and  scanning  electron  microscopy  provided  a means  of  assessing  cement  morphology 
and  grain-cement  relationships.  Carbon  isotope  analysis  was  performed  to  provide 
insight  into  the  geochemical  environment  of  cement  deposition.  Preparation  of  sam- 
ples for  this  analysis  included  acid  washing  with  dilute  HCl  to  remove  surface  con- 
tamination, rinsing  with  distilled  water,  and  oven  drying  at  100°C.  Cleaned  samples 
were  hand  ground  to  pass  a 200-n’esh  sieve.  Separation  of  cement  from  grains  was 
unnecessary  in  most  samples  because  of  the  extremely  low  carbonate  constituent  grain 
content  of  most  samples.  Carbon  dioxide  was  generated  under  vacuum  by  reaction  with 
phosphoric  acid  and  subsequently  extractedand  purified  (Craig,  1953;  McCrea,  1950). 
Carbon  isotope  ratios  were  determined  with  a 6-inch,  60°  sector  mass  spectrometer. 
Delta  ' values. 


6 '3c 


sample 

*^C/'  C standard 


X 103 


are  reported  with  respect  to  the  PDB  standard. 


Table  11  summarizes  data  derived  from  beach-rock  samples  collected  at  these 
localities.  Four  basic  cement  fabrics  were  apparent  from  thln-sectlon  and  scanning 
electron  microscope  analysis  of  the  selected  samples: 

1)  Aclcular  crusts,  which  consist  of  thin,  needle-like  crystals  that  completely 
cover  grain  surfaces  and  cavities.  The  crystals  are  about  15-40  microns  in  length 
and  up  to  5 microns  wide.  Cements  of  this  nature  have  been  shown  by  Shinn  (1969), 
Moore  (1973),  and  others,  using  staining  and  microprobe  techniques,  to  be  composed 
most  commonly  of  aragonite. 
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2)  Bladed  crusts  are  composed  of  crystals  that  have  a greater  width  to  length 
ratio  than  acicular  crystals.  Two  distinct  varieties  were  encountered:  crusts 
composed  of  elongate  bladed  crystals  and  those  composed  of  more  equant  bladed 
crystals  (Figs.  56  and  57).  The  individual  crystals  are  up  to  50  microns  in  length; 
however,  the  crusts  average  about  40  microns  thick.  These  types  of  cements,  espe- 
cially the  equant  bladed  ''arieties,  have  been  described  by  l.and  (1971)  from  1 ithi- 
fied  .lamaican  reefs  as  high  Mg-calcite  as  well  as  by  Alexandersson  (1972)  from  the 
Mediterranean. 

3)  Micritic  crusts  are  fine-grained  carbonate  rims  that  encrust  grains  and  fill 
intergranular  spaces.  This  type  of  cement  is  usually  dark  brown  to  gray  and  usually 
contains  indistinct  to  distinct  pelletoid  structures.  Occasionally  small  shell 
fragments  and  other  forms  of  "debris"  can  be  seen  floating  in  this  matrix  material. 

It  is  common  on  carbonate  grains  to  see  the  classical  micrite  rims  described  by 
Bathurst  (1966)  which  are  caused  by  the  boring  activity  of  micro-organisms  (pri- 
marily algae  and  fungi).  These  types  of  crusts,  as  reported  from  beach-rock  samples 
from  Grand  Cayman  Island  (Moore,  1973)  and  many  other  localities,  arc  most  commonly 
high  Mg-calcite.  Friedman  and  Gavish  (1971)  reported  cements  having  similar 
morphology  and  mineralogy. 

4)  Micritic  void  fillings  constitute  the  same  type  of  cement  as  the  micritic 
crust,  but  is  a second  generation  cement  formed  after  intergranular  pore  spaces  were 
initially  lined  with  acicular  or  bladed  crusts. 

The  most  striking  trend  with  regard  to  cement  fabric  is  the  nearly  universal 
occurrence  of  bladed  crusts  among  the  samples  from  all  three  geographic  localities 
(Table  11).  Only  sample  M-1-1,  from  Ponta  do  Prego,  north  of  Maceio,  exhibited  no 
equant  bladed  crust  fabric.  Tliis  sample  was  taken  from  an  incipient  beach-rock  band 
at  the  seaward  margin  of  the  modern  beach.  Both  field  inspection  of  this  exposure 
and  thin-section  analysis  suggest  that  cementation  is  in  a very  early  stage  of 
development.  The  cement  most  commonly  encountered  has  an  elongate  bladed  habit  but 
occasionally  appears  acicular  (Fig.  58).  Cements  are  concentrated  at  grain  contacts 
rather  than  having  formed  well-developed  crusts.  Incipient  crusts  are  visible,  but 
most  pritmiry  void  space  is  still  intact. 

Samples  from  tlie  Boa  Viagem  localities  exhibited  the  most  variability  with 
regard  to  cement  fabric.  All  of  tlie  aforementioned  fabrics  were  represented  in 
these  samples.  Equant  bladed  crusts,  liowever,  were  t!ie  most  common  cement  morphology. 

Samples  selected  from  the  long  beach-rock  barrier  south  of  Cabo  de  Santo 
Agostinho  showed  the  most  similarity  in  cement  fabric.  All  of  the  samples  from  this 
locality  can  be  characterized  by  bladed  crusts. 

The  fact  that  both  elongate  and  equant  bladed  crystal  liabits  with  occasional 
acicular  forms  are  well  developed  and  form  crusts  suggests  that  these  two  types  of 
cement  were  formed  by  precipitation  directly  from  solution.  Although  it  is  tempting 
to  suggest  that  this  process  is  purely  physical-chemical,  one  cannot  rule  out  the 
possibility  that  biological  activity  in  microenvironments  may  induce  tlie  carbonate 
precipitation.  it  is  also  significant  to  note  tliat  in  all  but  one  sample  (M-1-1, 
the  incipient  beach  rock)  cements  were  deposited  in  crusts  tliat  completely  covered 
grain  surfaces  and  lined  intergranular  void  spaces.  In  order  for  t liese  cement 
fabrics  to  be  generated,  tlie  pore  spaces  must  be  filled  with  the  carbonate-rich 
solution,  as  in  a phreatic  environment. 

As  previously  stated,  the  content  of  carbonate  allochems  in  these  samples  is 
generally  less  tlian  5 percent.  Therefore,  a determination  of  carbonate  mineralogy 
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iir-’  lb,  K 1 on  i' a I c blaiitai  crusts  from  sample  M-c-J,  col 
till  ne.ir  Maceio.  A.  Ni>lo  the  nearly  complete  ..ovt  rage 
cr.iiTi  surt.ie  -;  anJ  veij  si'aces.  B.  Indivulual  crys- 
s are  Well  lermej  and  have  about  a 2:1  length  to  width 
ie.  1,  .,a!  in  these  SKM  photogr.iplis  equals  0.2  mm. 


Figure  57.  K<iuant  bladecl  crusts  from  (A)  sample  M-3-3,  col 
lected  near  Maceio,  and  (B)  sample  SA-1,  collected  from  the 
Suape  beach-rock  barrier.  Length  to  width  ratios  of  these 
crystals  is  close  to  1:1.  Scale  bar  in  these  SEM  photo- 
graphs equals  0.2  mm. 


* vfB 

Figure  58.  Incipient  crust  of  elongate  bladed  crystals  from 
sample  collected  near  Maceio.  A.  Note  the  incomplere 

coverage  of  the  grain  surface.  Scale  bar  equalsO.4  mm.  B. 
Closeup  of  elongate  bladed  crystals.  Scale  bar  equals 
0.04  ram. 
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utilizing  the  entire  sample  is  primarily  intllcative  of  the  cement  composition. 

Table  11  shows  that  without  exception  the  dominant  carbonate  phase  in  all  samples 
is  high  Mg-calcite.  Only  samples  M-3-1 , M-2-1,  and  M-1-1,  from  Macelo,  showed 
evidence  of  the  presence  of  aragonite  above  the  background  level  on  the  X-ray 
dif fractogram  (Fig.  59).  In  both  of  these  cases  the  amount  of  aragonite  was  so 
small  that  an  estimate  of  percentage  using  a peak  area  method  would  be  unreliable. 
Therefore,  only  a trace  of  aragonite  is  indicated  in  Table  11. 

It  is  interesting  to  note  that  the  mode  mol  percent  MgC03  in  the  high  Ng-calcite 
cements  is  confined  within  a small  range,  14.7  to  16.8  mol  % MgC03  (Table  11).  This 
is  within  the  range  of  values  so  often  reported  in  sedimentological  literature  for 
carbonate  cements  that  have  been  precipitated  under  marine  phreatic  conditions. 

Results  of  a carbon  isotope  analysis  (5  ^ values  of  Table  11)  of  each  sample 
sliow  remarkable  uniformity  between  these  samples,  which  were  collected  over  such  a 
broad  geographic  area.  An  average  iS  ' value  of  3.46  was  obtained;  values  ranged 
from  3.01  to  3.87.  This  range  of  values  is  consistent  with  results  reported  by 
li'wenstam  and  Epstein  (1957)  for  Bahama  ooliths,  Shinn  (1969)  for  Persian  Gulf 
aragonitic  submarine  cement,  hand  (1971)  for  Januiican  magnesium  calcite  submarine 
cement,  and  Moore  (1973)  for  beach-rock  cements  from  Grand  Cayman  Island. 

Carbon  isotope  ratios  of  sedimentary  carbonate  materials  have  been  valuable  to 
the  understanding  of  geocitemical  processes  operating  in  various  environments.  Sedi- 
mentary carbonate  deposited  from  ocean  bicarbonate  in  isotopic  equilibrium  with 
atmospheric  CO2  yields  6'^C  values  near  zero.  Freshwater  carbonates  are  enriched 
in  ’^C  with  respect  to  marine  carbonates  (Clayton  and  Degens,  1959;  Weber  et  al., 

1964)  and  thus  result  in  negative  fi'^C  values.  All  of  the  iS'^C  values  derived  from 
analysis  of  the  Brazilian  beach-rock  .samples  exhibited  a positive  value  near  zero. 
These  values  suggest  that  the  carbonate  cements  wer  • pr  ipitated  under  marine  con- 
ditions. Comparisons  of  6^'^C  values  calculated  from  other  carbonates  precipitated 
in  t ht  re.ilm  of  marine  waters  have  already  been  presented.  Carbon  isotope  values  for 
the  Brazilian  be.ach-rock  samples  are  consistent  with  values  given  in  other  studies 
of  nuirine  carbonates. 

In  summiry,  the  occurrence  of  high  Mg-calcite  an'  trace  amounts  of  aragonite  as 
cements  in  the  beach-rock  samples  collected  from  widely  spaced  sample  sites  along 
the  Brazilian  coast  suggest  a strong  influence  of  marine  waters  at  the  site  of  pre- 
cipitation. The  fact  that  the  common  cement  fabric  is  that  of  thick  high  Mg-calcite 
crusts  of  bladed  crystals  indicates  .a  saturated  or  phreatic  condition  under  which 
precipitation  initially  took  place  and  probably  is  still  continuing.  In  addition  to 
the  mineralogy  and  cement  fabric,  results  of  carbon  isotope  studies  show  a consis- 
tent trend  toward  values  that  must  be  interpreted  as  a product  from  carbonates 
precipitated  under  marine  conditions.  Therefore,  the  environment  of  deposition  • t 
these  beach-rock  samples,  from  the  above  lines  of  evidence,  is  marini'  phre.it  !■  . 

These  results  are  in  disagreement  with  t lie  conclusion  of  Mabesoone  ( 1 d64  1 f rt 
pies  collected  near  the  city  of  Recife.  He  stated  that  "beach  rock  f. ’rm.it  ; 
investigated  area  is  caused  by  evaporation  of  fresh  calcium  carbon, it e-r  1 
near  the  beach  face."  It  must  be  pointed  out,  however,  that  be.n  h-r.  ■ 
can  be  extremely  variable  and  that  geomorph ical ly  similar  exposure 
different  diagenetic  histories.  Samples  collected  for  this  a ’ . 

remarkable  continuity  in  both  petrographic  and  geochemic.il  pr  ■, 
tiicy  were  selected  from  widely  spaced  geographic  rey.ion  ' t 
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Figure  59.  X-ray  dif fractogram  from  sample 
M-2-2  showing  the  small  aragonite  peak  in 
comparison  to  the  well-formed  high  Mg-calclte 
peak.  Dif fractograms  such  as  this  one  were 
characteristic  of  most  beach-rock  samples 
analyzed  in  this  study. 


V.  SUMMARY  OF  RESULTS 


Atmospheric  Studies  j 

The  mean  circulation  and  the  synoptic  perturbations  over  the  southern  tropical  ; 

zone  of  South  America  are  poorly  known.  The  low-level  circulation  pattern  is  simi-  ! 

lar  in  summer  and  winter.  Winds  are  generally  from  the  southeast  during  winter  but 
change  more  to  east  in  the  summer.  Humid  air  masses  from  the  northern  hemisphere  ; 

that  enter  the  study  area  are  potentially  very  unstable,  and  small  perturbations  i 

lead  to  overturning.  Shear  velocity  measurements  on  land  Indicate  a variation  in 

the  aerodynamic  drag  coefficient  at  Aracaju.  The  beach  face  had  a value  of  0.00211;  J 

near  the  beach  scarp  the  value  was  0.00248;  and  in  the  swale  area  the  value 

Increased  to  0.00340.  Much  larger  values  were  observed  in  the  dune  area,  where  on 

the  top  of  a dune  the  value  was  0.00495  and  behind  (leeward  of)  a dune  the  value 

was  0.00984. 

Over  the  ocean  the  shear  velocity  measurements  indicate  an  average  drag  coef-  1 

ficient  of  0.0015;  however,  the  drag  coefficient  varied  with  atmospheric  stability. 

The  observed  variation  of  shear  velocity  was  found  to  be  predicted  by  the  theoreti- 
cal formula  proposed  by  Hsu  (1974a). 


Coastal  Oceanography  1 

Sea  level  variations  in  the  study  area  are  dominated  by  a semidiurnal  tide 
whose  height  varies  along  the  coast.  The  largest  heights  are  observed  on  the  north- 
ern part  of  the  coast  (i.e.,  Recife),  and  the  lowest  heights  are  in  the  south 
(Aracaju).  These  tides  propagate  along  the  coast  from  north  to  south,  in  opposi- 
tion to  the  general  trend  of  tides  in  the  South  Atlantic. 

Wave  studies  Indicate  that  the  study  area  is  subject  to  high  levels  of  average  j 

wave  energy,  but  is  not  subject  to  extremely  high  levels.  Average  wave  height  is 
about  1 meter;  1 percent  of  the  time  waves  will  exceed  3 meters  in  height.  Near- 
shore wave  fields  are  affected  by  swell  from  the  southern  Atlantic  during  June;  ' 

however,  the  dominant  source  of  wave  energy  is  local  wind  waves.  ^ 

Observations  of  long-period  waves  in  the  surf  zone  indicate  standing  waves  are 
formed  which  apparently  are  not  in  edge  wave  modes.  Edge  waves  may  not  be  neces- 
sary to  produce  bars  having  alongshore  variation. 

Measurements  of  wave  action  and  currents  in  the  Suape  lagoon  indicate  that 
tidal  action  is  coupled  with  the  input  of  water  across  the  reef  crest  in  determining 
circulation  in  the  lagoon.  In  general,  at  higher  tide  levels  waves  transport  water 

across  the  reef  crest  and  reach  the  back-reef  lagoon.  The  resulting  currents  tend  “ 

to  drain  the  lagoon.  Variations  in  wave  height  from  low  tide  to  high  tide  amount 
to  about  800  percent  (or  from  7 cm  to  56  cm).  Ebb-tidal  currents  dominate  within 
the  lagoon.  Maximum  velocities  of  approximately  77  cm/sec  were  recorded  by  a 
drogue  experiment  conducted  during  falling  tide.  The  spatial  distribution  of  sedi- 
ments and  bedforms  reflect  this  ebb-tidal  current  domination  of  the  beach-rock 
barrier-lagoon  system. 
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Geomorphology 


The  coastal  geomorphology  of  northeast  Brazil  is  dominated  in  the  north  by 
llthified  beaches  and  barriers  and  in  the  south  by  coastal  beach-ridge  plains. 

Since  the  Recent  transgression  of  sea  level  the  coast  has  prograded  at  Aracaju  some 
4-6  km.  More  recently,  an  erosional  phase  has  been  initiated  and  the  shoreline  has 
retreated,  since  1950,  at  about  6 m/year. 

Sediment  samples  indicate  that  sediments  are  generally  quite  uniform.  Beach 
material  is  generally  coarser  than  dune  sediments;  the  coarsest  sands  occur  on  the 
inner  bar.  The  average  size  of  the  beach  sands  is  2.614),  and  the  dune  sands  are 
approximately  2.884). 

Beach  morphology  was  fairly  static  under  average  wave  conditions  and  slowly 
changed  during  the  Initial  increase  in  wave  height  during  storms.  However,  during 
periods  of  decrease  in  wave  height  a longshore  bar  became  prominent;  it  increased 
in  height  by  30  cm  during  1 day  and  migrated  shoreward  10  meters.  As  wave  height 
decreased  and  stabilized,  the  bar  continued  to  grow  in  height  and  migrate  shoreward. 
During  times  of  high  waves  the  longshore  bar  causes  wave  breaking  and  therefore  may 
extend  the  surf  zone  to  more  than  600  meters  in  width. 

Beach-rock  barriers  control  the  movement  of  sand  inshore  from  the  barrier  and 
therefore  strongly  influence  shoreline  morphology.  The  tendency  is  for  the  lithi- 
fied  offshore  obstructions  to  modify  and  refocus  incident  wave  energy  along  the  back- 
barrier  deposition  coast  by  processes  of  wave  refraction  and  diffraction.  A highly 
crenulated  coast  results  from  these  process-form  interactions.  Cases  occur  where 
the  modern  shoreline  has  accreted  toward  and  joined  an  offshore  barrier.  Also,  a 
break  in  a barrier  may  produce  an  arcuate  embayment  shoreward  of  the  break,  for 
example  in  the  Suape  lagoon.  The  beach-rock  barriers  are  generally  several  meters 
thick  (up  to  8 meters)  and  have  a width  of  about  250-300  meters.  The  barriers  are 
underlain  by  unconsolidated  sediments.  Samples  of  beach  rock  from  Maceio,  Recife, 
and  Suape  were  analyzed.  The  samples  all  appeared  to  be  high  Mg-calcite  carbonate- 
cemented  beach  sediments,  and  the  cementation  occurred  under  marine  phreatic  con- 
ditions. 
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A multidisciplinary  investigation  was  conducted  during  June  and  July  1975  to  acquire  data  that 
would  set  a basic  framework  of  the  physical  processes  controlling  morphology  of  the  northeast 
coast  of  Brazil.  Detailed  field  data  were  taken  at  two  sites  along  the  coast:  Aracaju,  Sergipe, 
and  Suape,  Pernambuco.  Analysis  of  the  data  and  long-term  broad-scale  data  supplied  by  cooperat- 
ing Brazilian  agencies  was  conducted  for  two  purposes:  to  delineate  the  physical  processes  and 
morphology  of  the  coast  and  to  investigate  under  field  conditions  the  mechanics  of  specific  impor- 
tant coastal  processes.  49— 

The  northeast  coast  of  Brazil  is  located  on  the  trailing  edge  of  the  South  American  continental 
land  mass  and  consists  of  a broad  coastal  plain  recently  drowned  by  the  Holocene  rise  in  sea  level. 
Long,  linear  depositional  forms,  barrier  beaches,  and  stone  reefs  dot  the  coastline.  The  lithified 
stone  reefs  (beach-rock  reefs)  occur  at  various  distances  from  the  shoreline  and  greatly  affect 
nearshore  waves  and  currents;  many  small  harbors  along  the  coast  result.  At  Aracaju  the  coastline 
was  formed  by  a progradation  process  that  has  recently  been  reversed,  so  that  dune  migration  and 
shoreline  erosion  are  now  occurring.  The  stone  reefs  were  formed  in  a marine  environment,  and 
the  cementation  process  may  be  continuing  in  several  places  contemporaneously.  U 

Physical  processes  affecting  these  morphologic  features  were  studied  in  detail.  Atmospheric 
shear  velocity  measurements  indicate  that  the  aerodynamic  drag  coefficient  varies  greatly  from 
the  offshore  region,  across  the  nearshore  and  beach  environments,  to  the  dune  field.  Beach  dynam- 
ics are  shown,  by  a study  of  the  formation  of  an  alongshore  bar  and  accompanying  processes,  to 
depend  greatly  upon  the  action  of  long-period  wave  components  in  the  surf  zone.  The  stone  reefs 
cause  a decrease  of  up  to  90  percent  in  wave  heights  as  a result  of  induced  breaking  and  wave  reflec 
tion.  The  amount  of  decrease  varies  during  a single  tidal  cycle  from  50  percent  to  90  percent. 
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